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ADAPTI VW\IWW |KELI HOOD DETECTI ON TECHNI CAL FI ELD This invention

rel at es i kel i hood detection of data recorded as anal og signals
representingeassfi nite nunber of states, and, nore particularly, to
adapting maxi nrum |ikelihood detection to handle variqgufgqgggzghgnnels.
BAO(@%M’,IWWM , NVENTI ON Maxi num | i kel i hood det ect i%orf= &f& ecor ded
as anal wland detected from partial response sanples is highly 1
2FEB2004 Zo@ghvant ageous in magnetic di sk drives, where the disks and
heads are fixed and non-renovabl e. The characteristics of the channel are
fixed, including the particular disk nedia,_the articular recording and
read heads, the IinearA@@PBEVPQ“EE@“”#FﬁﬁﬁBIﬂ%?% ERGTAEE the disk media
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

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



sérrpl es «are equalized so that the signals provided to the naxinmm
| i kel i hood detector tend to precisely match the expected signals.
Additionally, a specific code nay be enpl oyed which rmaxim zes the
di stances between the sensed states. Only limted Qh ?[}{]lg aken into
account, such as differences in data rates between in er an ter tracks,
m nor servo offtrack operation, mnor disk defects, and sone head wear
over time. Thus, a specific maxi mum|ikefihood 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 acventiedered irbyaenpt byihigkdidgilvas . PRI itiet dipkpudr@ response).
filters 1 ' L =2FEB2004 3 whose coefficients are progranmbl e, thus
changi ng t headfsr agaiehicied esponse- gfnavad e | t B Q@I@elttteeﬂiSéaual ¢Zehehe
signal being read to match the maxi mum |i kel i hood detector. Exanples
i ncl ude, UShRanehtaNp.fixe821i66BudiNguyer paralcylduSdiRt matdidp. thxs 365, 342,
Abbott et al., and US Patent No. 5,442,760, Abbott et al. It becones nore
difficult trertseusachremddium éndketddtobeaddet et i oimeasirt Nedecotdiarg devi ces
whi ch have renovabl e nedia. Renovable nedia devices tend to be mass
st or age de\filgeésgwhe thhtaldeawedat ghd¢ alisk medde dend arheportcabbéngesand that is
renoved fromthe device and stored el sewhere, such as in the

read heads, and the recording and read electronics. The

channel characteristics can be measured and, once known, tend
to remain constant.

With constant 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

i 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



st orage:shel ves of an automated data storage library, or in true archive
storage outside of a drive or library on storage shelves or in boxes and
ot her containers. The anobunt of data so stored quickly becones very | arge

and, if a new and - upgraded portable nedia is introdu egﬁaéqgk@his a desire
on the part of the user to resist re-recording-all-o& ived data

onto the upgraded portable nedia. Hence, a backwards conpatibility is
typically required for removable nedia 3evices. The characteristics of
portable nedia thus vary between the types of nedia, but also tend to vary
bet ween ones of the sane type of nedia, and within the sanme nedia. 2 FEB
2004 4 Exanpsescafr fienpvabl &rargpdiogrdevaicks, itholsudeaopingathadi sk and
optical tape storage, which may be read-only, wite-once, and rewitable
medi a, andfbeqekddierenpohypest afhergdil aersuch as tenvkded] i sagnet o- opti ¢ and
phase-change nedia. Optical nedia is subject to variation fromnedia to

media in pegesriaidat acadt poltmaalar aae endsines 10asedhoad tderdoteer .of  nedi a,
above, variation in nedia materials between manufacturers and over tine,

and bet weepxamssHiing1deBsi t$ esaten@pibcad, FEdis® 9, SNgligen sebj£ct, e change
as the recording noves between tracks, where the effective head to track

speed may pgshamngenc.ols,a%5) Ber | egiodicngt nyves diomsopretshden®f the disk to
anot her, where the effective head to disk surface angle nay be tilted.
5,442,760, Abbott et al.
It becomes more difficult to use such maximum likelihood
detection with recording devices which have removable media.
Removable media devices tend to be mass storage devices
which allow data to be recorded on portable media that 1is
removed from the device 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
so 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 the 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.



Anot her “exanpl e of renovabl e nedi a devices includes nmagnetic tape
recordi ng, which have nedia to nmedia variation based on different data

densities on the sane type of nedia, different types of ne ﬁ such as
chrom um based, nickel -based, ferrous-based nedi a,'_,oz FBEB\&Q l'fmat erials

used by different manufacturers. Additionally, tapt media may have

differing thicknesses and therefore differing nedia to head (flying and

contact) characteristics over the record‘ing and read head, resulting in

differing head to nedia spacings. The tape nedia may also fly at differing

head to nmedi a spacings as the tape npves from one Lg(g(la toﬁth%_g% and the
Y r

tension or anglExaopblesFEB ey abd et Rgdidy e Geehenf s her, the
flying characteristics of the tape nedia may vary as_the tape frllead is
moved frommehergiidelofaphestapeer owhiale KPS FE28T ARHY si ‘et 6 °"the t ape.
Maxi mum | i kel i hood detection in such differing. circunstances i S
exceedi ngl yndlifdwrduibble anedimy andqipr @i Gfexfimy éyeRe ABXTHINA i%EN RBod
detector for each circunstance. The incorporated Hutchins et al. United
States PatenedpplaignatooopiSer izld RbssOFEIgR Fedignd 09/ 282, 420
applications provide maxi mum |ikelihood detectors which allow the.
progranmi ng, oromsideilngeddd rurmbieak hetYakliatderf fepBnfedia 4 MECiAg t he
response of the maximum likelihood detector. The coefficients are
pr ef er abl yideréamtidd onttheuthdt eheneet e bt e haseri €8 HRe oty of
associating "0" and "1" states of the _
media, above, variation in media materials between
manufacturers and over time, and between recording densities.
Optical media is also subject to change as the recording 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
pased on different data densities on the same type of media,
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
thicknesses and therefore differing 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



recorded signal. The coefficients are respectively applied to each digital
sanple to generate alternative netrics, and each respective alternatlve
metric is conpared to a previous nmetric. Based on the corrparlsorﬁ FEheller a
plurality of provided netrics is selected which remains wthin deflned
positive and negative bounds. Then, the one of the finite nunber of states
represented by the selected netric is identified, and in response to the
identified one of the finite states, a maxinumlikelihood state detector

s incremancedabe acmexi Mumd ikelid0odsstate, digl Aleg;py the -2 FEB 2004
6 identified one of the finite states, the increnenté xi mum |ikeli hood

state det echs bhecrecorded, analog $i.on e rrerl cal nmetric
coefficients 5f tﬁé maxi num |kg |"[%lﬁogg!jgetr;[::t.l 5 dr & bgé %%egﬁﬁﬁiés

“cases” “thNe@r@rog65h¥egu&§Qﬂ?%%%pF?PQUEgugémﬁpr §a|ECted maveforns of a

particular nedia, and the nmetric coefficient nuner i© VaPtlst side of
cal cul at ed f{Qr t,ng expected sanpl e outputs. Specifically, the
sanpl e. out puts of the expected waveforns are deternined, for exanple, by

Teasuring 2 nUTbe; Al 01 Al UL PULE SLOL, SATRL e, PAI B O the vave or m,

and cal cul ating the nean J'ues o eac of "'t h& €pbi%its, and the

metric coefifigi.gnt C 83,2 aI | ated for the mean val ues of
the sanpl e out puts. n? gf% fggf€%¥g ng ?ﬁfgﬂﬂ%¥?|€§ Mt FFEETef¥ i ci ent s.

th f et T c
sqﬁareggate Ir ggr%f%gmggﬁmmn theJTBHELE oSPSIfd cignts, mnim ze the mean

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 detector.
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
identified, 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



recei ved signal and the ideal signal, which is the noise-free signal. Once
determ ned, the nunerical netric coefficients are stored in a | ookup table
and sel ected ‘when the portable nmedia having the characteristics is
identified as |oaded into the device. A portable renovabl e nedia nay be
identified externally by a label, or internally by readifgBa208%ory chip,
readi ng a uni versal nodul ated code fromthe nedia, or the first few bytes
of the nmedia to be read may have nore 2 f E B 2004 7 universal characters
which are easily read which identify the nedia. A nedia detector nmay
conprise an optical reader or scanner for reading a |abel, a wreless
interface fORNEEEHGPIa Entpe Binihgy stanpri sENS ojicceasssefaradinin h t he
read channel, and, the nunerical nmetric coefficients are selected from
the | ookupli&Bléheest stisdedeebestsl thadirgCOoTHES, anlnwiwnpéal coefficients
for the specific nedia nust be known in advance, and the predeterm ned
nunmerical coefTheirmer ivadt mpers¢ graed fagdenvai ¢adihe floxiuge. Further, the
characteristics of the specific nedia nust not be variable, so that the
sane nuner Lékplthedd iddtestornaye deaspsedn pompide grsdisd whihbuarehange.
However, as discussed above, optical nedia is subject to change as the
recordi ng Aevesedefumresampdeksutmber €orhexpeffettiareflosad 06 ¢rack speed

may change, or as the recording
particular media, and the metric coefficieéent 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
values of each of the sample points, and the metric
coefficient numerical values are calculated for the mean
values of the sampie outputs, thereby providing the numerical
metric coefficients. The equations for deriving the metric
coefficients minimize the mean squared error between the
received signal and the ideal signal, which is the noise-free
signal.

Once determinea, the numerical metric coefficients are
stored in a lookup table and selected when the portable media
having 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



moves froomone side of the disk to another, where the effective head to

di sk surface angle nmay be tilted. Tape nedia nay fly at differing head to
medi a spacings as the tape noves 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 may vary as the tape_??rﬂ;&&zg ved from
one side of the tape to tracks at the other side of th : EB 2004

8 Further, the specific portable renovable nedi a may not have an
identification character that may be read to identify the nedia and sel ect
predeterm ned nunerical coefficients. Even if the nedia is identified, the
read/ wite PREER¥SRle ChawpcEpangeidtoarexaapl by tdee shngheidémgest tekange:
in atape read/wite interface is due to head wear. Tapes w || cause

abr asi on t o™"e®&2 head, eroding the MR read head naterial, whereas the
metallic pole tips of the wite elenent are not eroded as nuch. The net
result is that theedigngkeectematdywmromphasges anpd idifif essddr am t ape to tape
dependi ng on tHe age of a tape head when the data was witten and the age
of a sane oPCamAYY dicentrefding ey dretbedr,i weyitapesshaeadewhese ther dataing read.
SUMVARY OF THE INVENTION It is an object of the present invention to
provi de adaptht.e oraxeguovhpkield Hogd cdet eetixand Anehhere okiget of the
present invention is to provide nmaxinmumlikelihood detection for nedia
whose precigmﬁnnel, 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.



characteristics are unknown so that there are no predetermned nunerical
coefficients. Disclosed are an adapter and a nethod for adapting a
programuabl e digital maxi mum|ikelihood detector to a variable channel
output and a calibration systemfor calibrating a 2 FEB a&gﬁ& 9
programabl e digital maxi num|likelihood detector fronruz' Zﬂﬂﬁ£1in a
known code at a variable channel output._ The maxinmum|likelihood detector
is that of the incorporated Hutchins et®al. ' 019 and ' 020 applications and
detects digital sanples of data recorded as anal og signals representing a
finite nunber of maxi mum-likelihood states in accordance with a finite
number of maxi nxmtihekel £heotPainice POEL3RKD| EeRAPR 1 ecHees Td\Rdr | the
digital. sanples represent the variable channel output of the recorded
anal og si ghavs at lalengriddeseion ndd mEickeAgt DRt HaYeHFecL2Ehe? et Y Yt he
incorporated Hutchins et al. applications, the detector conprises a sanple
i nput for tleeehading anlde sdilget abratafpirednefl nutrr icedordelf ba G si gnal s,
and progranmm ng sources for providing nunerical netric coefficients.
Sanpl e | ogi ¢ apptdresif tthe pedir armedientiéiedal thretncad/ ¢oete i Bt aeo each
of the digital sanples to generate alternative netrics. Relational |logic
provi des ampy estausge metfloirc ewhingle ¢ drpr issegla kiiddestegbengeeinic fapsct i on of
a previous digital sanple derived from difference netrics representing the
di f f er encerbativeeit eeinticcsacdi iectley tasdeeilaveéay " FargAadvil! &ufiees of the
recor ded

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 trensfer 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
f adaptable maximum likelihood detection.

Another object of the present invention is to 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



signal . The one of the respective generated alternative netrics is

sel ected which m nimzes the nean squared error wth respect to the
previous netric and a nmaxi mum | i keli hood path nenory identifies the

maxi mum_| i kel i hood case represented -2 FEB 2004 10 by the_ selected netric,
the set maxinum |ikelihood case of the path menory statéFdeBe2004%g the
recorded anal og signals. The adapter conprises a detector identifying the
maxi mrum | i kelihood state corresponding vo a digital sanple of the
recorded anal og signals; an accunul ator coupled to the detector for

artiall I . t e igi,tal., s I ith prior detected
8i gi !tal ga@%ﬁé?@@%%&%ﬁ&tgg rﬁ%t{lrﬁﬁglln%(xeﬁ%ﬁ%osrggf?%%ﬁ Cgé’t &NkIRYN| ogi ¢
led t . | at d . to the i , | oyi th
ot at o8P G P or I Lo or e LR L PG RS S i TSl | hood St e

to determ nd/or. update the nunerical netric coefficient for the
naxinunyli&§ ?ﬂ%%dié %%éboo?hgeﬁﬁf??ﬁ;ﬂﬁ dhady St el ohfpr P guaratedet ect or
detecting ,digital sanples th ecorded  anal og signals corresponding to
one of theHﬁggbﬁﬂﬁ1?§E§Yihggé §?§tg§¥)£ﬁp &EGHﬁPgFo?mjd3ﬂﬁ¥€§ fa9ihel

detector for rtially accunulating the detected digital sanples for the
correspondﬁﬁﬁgﬁﬁﬁi?in§gq% KEFPROGY é%zﬂﬂ@&?gaﬁngébFcr%Rﬁﬁﬂﬁﬂilﬁé ehe
accunul ator..and to he p ranm sour ces, | oyi ng the accumul at ed

t . .
digital s&MBIES ?%Pbet%é’tfcg‘gf‘é@%%Wlmﬁnﬁgﬁwﬁﬁe}ri s rseaceswi bh

det erm ne th%.nu rical metric coefficients matching the
a finite number of maximum likelihood samplé-to-sample path

cases. However, the digital samples represent the variable
channel output of the recorded analog.signals at a
predetermined timing with respect thereto. 1In 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
logic provides a previous metric which comprises a difference
metric function of a previous digital sample derived from
difference metrics representing the difference between netrics
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



digital ‘'sanples to the one of the maximumlikelihood states and setting
the provided nunerical netric coefficient to a 2 FEB 2004 11 value related
to the determ ned matchi ng nunerical coefficient. For a fuller

under standi ng of the present invention, reference sho} Id be made to the

fol l ow ng detailed description taken in conjunction= Ehguﬂ&conpanylng
drawi ngs. BRI EF DESCRI PTI ON OF THE EFMNVQFB FIG 1is a diagrammtic .
representation of a channel inplenentin he present invention; FIG 2 is
a representation of a streamof wite data and its correspondi ng
representation . in NRZ and NRzZI; FIG 3 is a diagramof channel step

response cu?¥e%p?(ﬁe%§CtF@cTﬁ§ﬂﬂf”sF@ﬁapeéfm¢#¥§U”211%8ﬂﬁﬁ?%@ SFHflods the t he
signal for first order detection; FIG 4 is a diagramof an exanple of a
maxi mum | i KR hasaomyr 8LRF. FRERFHINAG the ohf etieleshmpPéos oS it Ifext for first
order detection;, FIG 5 is adiagramof an exanple of signal to noise
characteri sti cs 13t PERPREM Fo lise60d getectqnidgnd i6vipedihe dexdotiton;

FIG 6 is a diagramof an exanple of variable channel output of digital
sanpl es reptEEhtiang shet ereseARNONKENDhbOR diddte]l S2REB20DY the

recorded analog signals; an accumulator coupled to;the
detector for partially accumulating the detected digital
sample with prior detectéd digital samples corresponding to
the maximum likelihood state; and logic coupled to the
accumulator and to the programming 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 corresponding 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



12'FIG 7 is a block diagramrepresentati on of an enbodi nrent of a maxi num
| 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|likelihood detection of the present

invention; FIG 9 is a block diagram of programm ng. ogic for
appl yi ng programed netric coeffici ent§ to digital %a IC]|IE@2g:gllilchannel

out put signals to provide nmetrics thereof, in accordance with the :
enbodi mrent of the present invention of FIG 7; and FIGS. 10 and 11 are
bl ock di agrgﬂtins of laogic for gr(ﬁvi di n% selected first order difference
metrics fromther TS Oof et Pt HREF: MBFCELRY Tmedigadel ecting t he
maxi mum | i kel i hood branch which mnimzes the mean squared error with
respect toco?ﬁﬁlﬁ)]reé\)ﬁi ‘ous finite maximum i kelihood state, in accordance
w th the enbodi nent of the present invention of FIG 7. DETAILED

DESCRI PTI ON OF HHME 3 NVENPrOoNnd®f st anshieft Ponthe RIcs@itbédveAt peef er r ed
enbodi ments in the follow ng description with reference to the Figures, in
whi ch i keTRGFBRIG rdmdslehe Barde dandher fol hPYHY9 dledmdAey. de st 1t itdni s
invention is described in terms of the best node -2FEB2004 13 for

achi evi ng FRKS | Hveranijoncs iobj ekt de, apcoqpnyibe dappiecbat ed by those
skilled in the art that variations may be '

BRIEF DESCRIPTION OF THE DRAWINGS

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

FIG. 2 is 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 an 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;



acconpl ished in view of these teachings wthout deviating from the spirit
or scope of the invention. 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 mum i kelihood detection of wite data, such
as that illustrated in FIG 2, as supplied at an iupgt‘:% mﬂi}cal bi nary
data 12 is signaled as NRZ data 13, having a signal vo e 1or each one
bit and no (or another) signal voltage1 or each zero bit. Wen binary data
is to be recorded on data storage nedia, the data is typically converted
to a recording format, such as NRZI data 14 by circuit 15 and supplied to
a target channelF1$7. 7 Thus blcksdiapiam NRPreganbather @f raxiemprdinket i hood
detector 18 nust use to base its reconstruction of the wite data 12. The
typi cal taragfeta oghanneh llikdldhdedi gaeecttar ragpr edapeertdeel idat=aias faithfully
as possible wthin reasonable cost constraints. Al though a tape -system
enpl oyi ng svsape nedile Zresaend wnvéeting read heads 21 and 22 is
illustrated, optical or nmagnetic disk systens nay al so be enployed. In any
of the systensFIiaswér erefal kzera2dl@ndhartead equadizats26rare enpl oyed
to offset to sone extent certain non-linearities of -2FEB2004 .14 the
medi a and didaye isygtens @td ohoopr @k deurt he keeadosd gl sctaiton liergame
anplitude. In maximumlikelihood detection systens, the received output
signal is tpmiseakl ynvéitisin;equal i zed by a read equalizer 26. If the read
equalizer 26 is digital, an

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
FIGT 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 sélecting 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



analog to digital converter 27 is enployed to provide the digital sanples
of the output of the read head 22. The analog to digital converter 27

i ncludes a clock recovery circuit and interpolation logic to interpolate
bet ween the actual sanples to provide digital sanplgs_which have the
correct timng. FIG 3 illustrates an idealized cla&s E’EIBQIU&& response
curve 30, and a non-ideal step responsg331, which transition between a
positive anplitude state, called a "1" state, and a null anplitude state,
called a "0" state, and illustrates idealized timng of the first order
digital sanple points, where "yk" represents the present digital sanple,
"yk-1" repoesantiseting phevi ouserdiigint'al obaept vesand t" yik+i"beéepresents the
next digital sanmple. The ideal digital sanple points are selected to be at
a uni form gppekciatel aty ahowétsdiplld eof inhehe chotk hedt eagfiathens evor ded dat a.
The anal og signal received by the analog to digital converter wl|

resenbl e aastsepWasted Mor eithant thesienpubcsiues evivdvet dedigaindel qeser t ur bed
by noise signals. The actual sanples taken are typically at a cl ock
frequency mpt syneiw oy zedpwi bh drhe imvderiyhng bit boundaries of the
recorded signal, instead a phase-locked |oop (PLL) -2FEB2004 15 phase

| ocks to the detetdefhdata andsr estoideg, (geneiad-adad whennelotk. I n the
case of a digital PLL it is essentially a calculation of a synthetic cl ock
period. Theisignaht SN €9c.af erihenniphbrepok ated e wesiti mavent hen si gnal at
the synthetic <clock rate. The output of this interpolation is the new

for adaptive/calibration 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 td 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



sanple streamyk, which is valid 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 sanple clock rate. The
resultant sanple often bears little resenblance to the idealized digital

sanple "yk" for curve 30. Maxi mum |Iikelihood detectLoQ pfﬁ%gﬂﬂEFn
effective in interpreting the detected sanples for decodi data with

a mnimmof errors by basing the det erlffi nati on of each digital sanple
val ue on the detected pattern of sanples which includes the present
sanple. The first order maxi mum |ikelihood detection of digital sanples of

data recorded asdanahng dripdt sssgnm st tef pkbeid@, theaandadl kughspd et as
havi ng an exanplary output of FIG 3, is illustrated in FIG 4, show ng

t he possi blt&engxingusmd i keldehoodn hdeldurs 18kanchbsg ddmeeBe sagphes to the
next for first order detection of the "0" and "1" states of the recorded

signal . Inthierexampde® QfcphkGsidnal NACERRAANES Wi Lt hRcespoy at ed
Hut chi ns et aI? 1419 and PEZO g%g?icatigﬁé, thg p valﬁggaused ggﬁEB 2004

16 to cal cycakeequant, & oghe factid s-ddty theaeidd 2 €alculighigns, .o for Cases
"o", "1", "2" and "3" is determned for a particular nedia for a

particul ar Jnead h@éddP%u%ﬁI%BH%Q£&Q:Q%-Qs1eH%lo&éﬁQHLg&%@@d?rtﬂgasure”EnF)
t he nean val ue ?or each point. The nean val ues are then enployed in netric
equations 1 4;R58eS5miNG YA LRES(ARAS ANEnLE0.4 NG £AY3LT OpR AL ¢, S0 ved to
to digitai 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 amplitude state, called a "1" state, ahd a
null amplitude state, called a "0" state, and illustrates
idéalized timihg 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 wave
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)



determ e particular metric coefficients, which in the normal case of
renovabl e nedia signals 14 do not have the idealized relationship of the
signals 30. Idealized classes allow sinplified nmaxi mumlikelihood _
detection by having digital sanples that are integrally related so that it
is easy to calculate the appropriate netrics. As descrieﬁﬁgiépzﬁg4nHX|nun1
| i kel i hood detection of magnetic disk drives, where tHe heads
are fixed and non-renovabl e can have th& equalizers 24 and 26 of FIG 1
designed so that the idealized signals are provided to the naxinmum

| i kel i hood detector. As discussed above, renovable nedia may vary

subst ant i aldhasien 1ohas ats erhes te¢sct ddedd Hic @npor-at edr &bt ciimsratel)atni 4419
and 420 applications provide maxi num|likelihood detectors which allow the

programm ng;lowk.Sethifigs fse BENBId L@ t STEMILILC 1 €086 T é M1 18djust i ng the
response of the nmaximumlikelihood detector to the different

char act eri sdies1aefofli f ef ehtherpyablawedicaoal N the d nFenpPesaLeds Hut chins
et 2 FEB 60 17 al. 1419 and 1420 applications, different nean val ues are

det er m ned Jrer teaahi ofe M08 POrd bl tdataesEohRge SEdiR sthakeple likely
to be loaded into the data storage drive, and the coefficients are

det er mi ned direm trhee Meame/ alugst Jbechi%ogkftbghsmétsi@ﬁ & Stfeedelyn a | ookup
table and are provided to the maxi mum|ikelihood detector when the nedia
of that typemipse kdeadnh fy edviascl aadedipt 9 the-data ($Lekage; dei ve.

period, thus y, 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 of samples which includes the
present sample.

The first order maximum likelihood detection of digital
samples of data recofded as analog input 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 "0" 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



FIGS. 3and 4 illustrate exenplary idealized class PRI step response

curves 30 and first order sanples, and non-ideal cases 31 for detection of
the first order sanples, such as may be encountered in an optical storage
system As is discussed in the incorporated Hutchins et al. 1419 and " 420

applications, other encoding and sanpling systens are al ed, such
as class PR 11 encoding and second order sanples, as négT%gﬁgggg ntered in

an optical storage system such as clasd46PR |V encodi ng and second order
sanpl es, and such as class Extended PR IV encoding and third order
sanples, as may be encountered in a magnetic disk or tape storage system

Cor the, purosaoldisclosia | h6pt sSE. LOVeR] ibe b ATl Qrder ol ase

PR | detection w escri be and one o SKi

t o extrapol t hgt Jmum, Likelihood detectio stens. 2 FEB 2004
18 Per the ?%%é%%ggatgd’ﬂﬁ¥dhi%; e 5alf.)’ i e%ﬁﬂmiﬂﬁg P bt iRe4t i 6HS 2Tt he
channel sanple Yk of a PRI.systemis the function of input bits ak, and
ak-1. The g%%ﬁaoﬁofh% %%£%¥ﬁﬁ%arlFﬁéﬁiﬂﬁ%ﬁlﬁéfﬁﬁF5Plpén90‘bﬁbdué@’an
accurate estHha e of the channel input sequence %ak} by observing the

pul se anpl i TUGE b0l f S EEFEERRE! [VI8 MeRik ViRXPnhRT | $34& iHvdéd -det ect or
does thisjgy maxi m zing the |ikelihood function p(yklso; {ak}) _ p (yklsk;
{ak}) , where §6°2 Yﬂss“??ﬁﬁ%|th§f‘a?’8?l%¥?dﬂ§w DefRac” gEYFEMRNSsttt e, The

robability of th i ven. out put sanpl e at
P )gssess %hg various %ases Qﬁh 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 1likelihood
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 are 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, removablé 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



time k depends only upon the current state of the systemand the possible
input ak F {OQ 1}. The total I|ikelihood function can be described as: |sk;
{ak) ) P(YkISO {ak) ) = f1lk P(Ykl For this system at any time k, there
are two netrics: rr(O), = maxi mum n(O)k 1+l n[ p(ykl sk =

m(1)k 1+ n[P(Yk Sk = 1:a,) | m(1)k = maxi mum n{0)k- r+2rEE?B(I~'ALﬂJ4r— 0; al)
]  m1)k-1+ n[ P( YKI sk 1 al) ] where sk = 0 if ak 1 =a, and Sk =1 if ak_ 1

= al. Referring to FIG 4, for theflrst17order maxi num |Ike|lh00d
detector, there are four ways that the trellis diagram can branch from one
sanpling time to the next respectively called "Case 0", "Case 1", "Case
2", and "Case \By 2 FEB,2004 15 AR sausseLed e, ,eQLpoy AL ed Hut chi ns
et al. 419 and 1420 appllcalglons he metric coeffici ents of the

di fference ved, aqggl YAg: e "£ASESt o0 aqd, Thus,

enpl oyi ng aleﬁéﬁieﬁe(s:deaﬂr?gt rg?%h S gcggeto ave ct)gcé m (0) k +

o Bnred) dnot b Pl PR wl
-1102 + 11%%% CO£¥¥{Clents are determined from the mean values.
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 the 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 1s discussed
in the incorporated Hutchins et al. ‘419 and ‘420
applications, othér 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
systemn.

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

likelihood detection systems.



DJk-1 >2 (P2 P3) Yk + (-P2 2 + 1132) ; then Case 0 has occurred and DJk =
DJk-1 2 (P3-110) Yk + (- 1132+1102) ; Defining: where gl =2 (110 - p,)
and P1 = -Po2 + 1112, where 92 =2 (P2 - P3) and P2 = -P22 + P32, where
93 = 2 (113 - Po) and P3 = -1132 + 1102; so that DJ -, < k + P1L ; and
DJk 1 > 92Yk + P2; then, Case 0 has occurred, so H@;FE)B E[]é‘fDJk-l + g3Yk
+ P3 . 2FEB2004 20 2. If DJk_1 < 2 (1o -1811) Yr. + (-02 + 112) ; and
DIk-1 < 2 (12 - 13) Yr. + ( -122 + P32) ;*"then Case 1 has occurred and DJk
= 2 (12-10) Yk +(-P2 2+po2) Defining: where g, = 2 (10 - 1,) and P1 = -Uo2
+ 1i2, where 92 =2 (P2 - 13) and P2 = -P22 + a2, where g4 = 2 (12 - 10)
and P4 = -P2 2 #eb2tis® iratrpbdated Hglcidns Pr alanth 1 ,an 498YK + P2;
then, Case 1 has occurred, so that DIk = 94Yk + P4. 3. | f DJ,-, > 2 (lo -
11) Yk + (=pR2itapila)s, @nrdchBdkel sandl(ePZ, 13) aYlert cyiRem+id33)e ; then
Case 2 has occurred and DIk = -DOj k_,+2 (P2-}1,) Yk + ( - P22+12 )
Defining: roheteoflor ddutObitdl),, ardaP3, 7. - T2 403120f 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|se: {a,}) =

{ | p(y«lse; {ax}), 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(vilsor {a)) = M plvilsy {ax)) -

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

- : .m(0) L FIn(plyelsy = 0:a0)]
m(0), max1mum.m<1)k_l+ln[p(yksk = 1;a,)]
, _ ‘ .m(0)y+1In(ply|s. = 0ia;)]
' m(l)y max1mum.m(1)m+ln[p(yk|Sk = 1;a,)]
{ where s, = 0 1f a,.;, = @, and s, = 1 if a,, al

Referring to FIG. 4, for the first order 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

3".



where 92 = 2 (12 - 13) and P2 = -122 + 132, where g5 = 2 (12-1,) and P5
=-27Z+112; so that DJk-, > g,Yk + P1 ; and DJk-1 < 92Yk + P2;
has occurred, so that O k = -0 k-, + gb5Yk + P5 2 FEB 2004 21 4.

> 2(po - pl)Yk + (-po2 + pl2); and DIk-, > 2
p32) ; then Case 3 has occurred and DJ, 2(p3-
Defining: where gl = 2 (po - pl) and Pl - pot

p3) and P2 = -p22 + P32, where g6 = 2 (PH P1) and P6 =-p32+pl2;

1. For Case 0 to have occurred:

m(0), + 2poyx—He® > m(1l),, + 2p1YI<‘U1

pl)Yk-ZpF

+ pl2 mhere 92

m(0)y + 2py,—1,° < m(l),, + 2p3Yx— 1,7

Defining DJ, = m(1),~m(0),

if DIy < 2(po = Wmdyx + (-ne® + 1% and

Doy > 2(ny - py)y + (-p2 + ps?) s

then Case 0 has occurred and DJ, = DI, 2(p3=1o) v«
Ha?+pe) g
' Defining;
where g, = 2(pe - p,) and P, = -p? + n,?,
where g, = 2{pn, - p,) and Pé = -n,° + ps?,
i 1 where g; = 2(1n; - 1) and Py, = -2 + py?;

so that DJdy., < gy« + P, ;7 and DJy;, > g,yx + P,;

then, Case 0 has occurred, so that

Djx = DJy.; + gsyyx + Pj.

t hen Case 2

2

If DIk_1

Yk + ( p2 2 +

(P2 -

so t hat
DIk_1 > glyk + P1 ; and DJk_1 > 92Yk + P2; then Case 3 has occurred, so
that D k g6Yk. + P6 The sanple outputs of the expected waveforns are
deternm ned in the unsenpssatad diat ehbospSta@dla Hutifliaedd1420 -appl hgations
by neasuring a nunber of sanple outputs for the waveforns, and cal cul ating
t he mean valdees apbleashi@is t hte maopie oiftisichhe fEttNS diQEEﬁefrbﬁt@nt
nunerical values. are then calculated for the nean values of the sanple
out puts, tiegrdly previdel ng:d hempapet hgalhdretdaisescoef frod ent.s.
metric coefficients are derived fromthe difference between netrics
directly associ dhung e@8leyichd Hifferabes mtrtilee :r ecor ded si gnal

Thus,

+(-

t he



The cal cul ated nunerical coefficients for a particular 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 nedia is identified as |oaded
into the device. A portable renovable nedia my be identified, for
exanple, . (r) 2 FEB 2004 22 externally by a |abel, Qpéwﬂgﬁgzﬂggy by reading
a nenory chip, reading a universal nodul ated code f ia, or the
first few bytes of the nedia to be read &y have nore universal characters
which are easily read which identify the nedia. A nedia detector may, for
exanpl e conprise an optical reader or scanner in a library for reading a

| abel , a werel ess pinterdage-foen v eading?ar ghip, a0y may conprise logic
associated wth the read channel, or, if inalibrary, the library wll
know t he nedi a typalwhemn2 gel ecii)ng t he-iyedi au,*)Then, enploying the nedia
identity, the nunerical netric coefficients are selected fromthe | ookup
table for the dehect@&dentdhas Jdhussrachendudy i=cal(psoef i ci emts f,or; t he
specific media nust be known in advance, and the predetermnm ned nuneri cal
coefficients miB¢fyeingtiored and available for use. Further, the
characteristics of the specific nedia nust not be variable, so that the
sanme nunerical ER¥¥IFici efit S rfelobe Wdedndf Br =t tid’ mbdh& wi t hout change.
However, as discussed above, optical nmedia is subject to change as the
recordi ng noves"betSween Oracks!f2wheid £AE Feff 68ti velhead to track speed

may change, or he di sk
y g . "?ﬁe € gy = 2(H; - Ro) and P, = —p,* + pp?;

! so that DJ,, < g,yx + P; ; and DJ,; < g,y, + P,
then, Case 1 has occurred, so that

DI, = g,y« + Py.

3. If DIy > 2(po — M)Yx + (-1° + 1,°)7 and

DJyy < 2{(n, = pa)yy + (—1° + ps?);

then Case 2 has occurred and DJ, = =-Dj,,+2 (- 1,) v, +(-
n2+u,%)
Defining:
where g1 = 2{(po - W) and P, = -p® + p,?,
T
- where g, = 2(p, - py) and P, = -p,2 + ny?,
i,
‘ where gs = 2(n,-py) and Py =-p,2+n,?;

so that DJ,, > g,y + P, : and DJy.; < guyy + Py:
then Case 2 has occurred, so that

Djy = -Djy1 + gsy. + Ps.



rotates,  the effective head to nedia surface angle may tilt. Tape nedia
may fly at differing head to nedia spacings as the tape noves 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 vary as the tape
head is 23 - 2 FEB 2004 noved from one side of the tapéfﬁﬁf 2@@# at the
other side of the tape. Further, the specific portable renovable nedia my
not have an identification character that y be read to identify the
medi a and sel ect predeterm ned nunerical “coefficients. Referring to FIG

5, an exanple of signal to noise characteristics (SNR gai n versus

di spl acenenj of anpl fr i deal m | i kel i hood detection
i of {hepample, fromy *a‘??aracﬁé LAY

33 and an exanple of'sign ton ise Fi'stics of di gital peak
detection 32 are iljystyated. - Ths, n chanacteristics illustrate that
t he accuracy of nHX|nun1I|keI|hood detectlon §3 is significantly greater

than that of pealhdeteeki 9Nhd2 oiabihendi 8t al 233, ¢5, afernf@ﬁ” ythe

expected anplitude 37. This is the reason that maxi mum i keli hood
detection is highdfinicgsi rable when it can be used. However, maxi nmum

| i kel i hood detection 33 has a higher error rate and is less efficient if
the digital sanpitesreare pot= &t(per- ngaratdeP,expagct ed 1gfypl i t ude 37. Thus,
maxi nrum | i kel i hood detection has not been used in systens where the
channel is highlwharsri ablezﬁrZWMQrELbheamééﬂed prgdetesm ned nuneri cal
coefficients are unavail abl e. ,

where ge¢ = 2(p;-p;) and Py =-p2+p,%;

so that DJ,., > g vy, + P; i and DJ,., > g,y + P,;

theﬁ Case 3 has occurred, so that

Djx = QgeYyx *+ Pe.

The sample outputs of the expected waveforms are
determined in the incorporated Hutchins et al. ‘419 and ‘420
applications by measdring a number of sample outputs for the
waveforms, and calculating the mean values of each of the
'sample points. The metric 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 "1i"
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,



The present invention both provides adaptable maxi num |ikelihood detection
for a variable channel, and provides naximmlikelihood detection for
medi a whose preci se 2 FEB 2004 24 characteristics are unknown and where
there are no predeterm ned numerical coefficients. Still referring to FIG

5, digital peak detection 32, enployed primarily with LC~tape, or
threshol d detection, enployed primarily with optical ﬁn?ﬁgrzuﬁgss
accurate than maxinum |ikelihood detectidh if the equalizer for the M
detector is properly set to equalize to the target channel, but are
capable of identifying a reasonable proportion of the signals when the

sanpl es ar e gi s AGed (T 9m ihe expechedrnam) iyudeaaRed f mar@rgddhtponal Iy
to FIG 1, the presént “invention conprises an adapter and a calibration

system 34 fps@daptd RdivarPs PoFRMTARLE db@ tAlommBxenusaid keld hoaed det ect or
to a variable channel output and for cali-brating a progranmable digital
maxi mum | i kel idhoodwdeteekost fimmaakaown datmeddnmay kaowmaoede at a

vari abl e channel output. The adapter nmay identify the digital sanples of

t he recordednanatagd shgnratser<ornriespendi egsily aredovhidle imentmim khkel i hood
states by neans of feedback 35 fromthe maxi num4ikelihood detector 18 for
adapti ng t heedixi mimreidie| délonet detmest 0fOr orxaFPlee 8ABPHESA aMERLAER L mum

|'i kel i hood detector 36 for adapting the nmaxi mum |ikelihood detector 18
and/ or Ca|ib@@@@ﬁmpq|ﬂ§adé@éci@ra library for reading a label, a wireless

interface 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 fhe 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 tracks, 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 néxt 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



Exanpl es of non-nmaxi mum | i kel i hood detectors 36 are digital peak detectors
for magnetic tape nedia, and digital threshold detectors for optical
medi a.. 2FEB2004 25 As will be seen, the higher error rates of the feedback
of the maxi mum |i kel i hood detector 18 when identifying displaced digital

sanples 31, or of the non-maxi mum|likelihood detector %2 Eﬁ 'ﬂgntifying
di spl aced digital sanples 32 are reduc in inmportanc® ZD sent

invention. Additionally referring to Fl 6, in accordance with the
present invention, each digital sanple identified as corresponding to one
of the maxi mum likelihood states is partially accumulated with prior

di gital sampied Pravicawslsydeidentlid itedeasocbra@sp@idithg ©bhehesivxiodum

| i kel i hood state. Thus, FIG 6 represents one exanple of a series of
digital sahpl é@p?yk)ﬁm‘gh&& Hre tie e@fdrppertalvee gampveblarecSeparat el y
identified as corresponding to the maxi num|ikelihood state "O0-1", in

whi ch the pPéskare sanpidentepi ealeiins charpetgndtide MavimkedFa2@l §° pr ecedi ng
sanple represents a "0" state. In accordance with the present invention,
when d|g|téQQHEéﬁbﬂémﬂf@ﬁ%alﬂ%%t??%%ﬁf §§988F?Eﬂﬁﬂﬁﬂj“H8eF6C?he "0-1" maxi mum
| i kel i hood stg% is partially accumul ated by adapter/calibration
system 34 Wf fﬂbe'ﬁeV|ous accunul ati on whi ch includes prlor di gi t al

SR LI A T R S,
accunul at edyWi-bBe L PEstics (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
nunerical 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



previ ous accurul ati on which includes prior digital sanples 40 and 41.
Further, when digital sanple 43 is identified as corresponding to the
"0-1" maxi mum tikelihood state, it is -2FEB2004 26 partially accumul ated
wi th the previous accunul ati on which includes prior digital sanples 40, 41

and 42. A series of digital sanples is thus accunul ated f the
correspondi ng maxi num | i kel i hood states. The parti al achZTFEB'aZ@U)t)

preferably conprises accunulating a fra@2#i on of each identified digital
sanple with 1 minus the fraction of the previous accunul ati on of the
identified digital sanples. The accunul ation may be represented by the

formul a: Aenarbatebikdids GkeahinkKad)aeiR 8 ERRFESEM S0t he accunul ation
and a represents the fraction. As an exanple, the fraction a nay conprise

1/ 16t h. ThySede€aehi th@idale rsaapl ecénridiendecunul ation starts at its

hi ghest inportance to the accunulation, and is then continually reduced in
i nport ance by tHelitaﬁéﬂdnﬁﬂnganeunte(15ayn@ﬁtbmepembxknp@t&bal3apcunulatlon
is made. The partial accunulation in accordance with the present invention
i nsures thampidoyedepdimgrtidly sanpl saguét i aripreol ot heh redgiceinbagectoiogf t he
nunerical coefficients, but at nost will have an inportance of (a)(yk).
Thus, even esirdgiedt heinkatidot edthdpgiied]l swmddke bee ekenecusrathethrasul t ant

accunulatlon (Ak)
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.



will be accurate. Next, adapter/calibration system 34 enploys the

accunul ated digital sanples for each of the corresponding 2 FEB 2004 27
maxi mum | i kel i hood states, to determ ne the nunerical netric coefficients
mat chi ng the accunul ated sanples to the maxi num 1|ikelihood state, and sets
(for calibration) or updates each provided nuneri cal rmi?lpécgz[fam ent to
a value related to the determ ned matching_nunerical coefficCi ~1The
determ nation of the matching nunerical co fficients is made in accordance
with the calculations of the incorporated Hutchins et al. 1419 and 1420
applications, enploying the accumulated digital sanples as the nean val ues

of each of the asamplie eOkBES, e HR{HeIC ee08f f i8Nl NUAB! F&bhakal ues are
then cal cul ated for the accunul ated sanpl e values of the sanple points,

thereby pro¥i dhegndshienununekeé cahoabefdtiecicent $8 whdenidehiredyafpve as "gn" and
as "P" As a specific exanple, in the equation where g, = 2 (po - Ul) and
Pl = -p02 dippPacehealigdcaiubatpors Al ,uer bortipe ne-eapliayead e pmeeass and
calculate the nunerical coefficients gl and P1. The accumul ati on val ue for
po i s al sodeeaptoyeth twdeoal denat &y grcldicblahed miiEitiadakaopbéd i3 entes in
which p, is a constituent. Thus, each accunulation is for a single sanple
poi nt p,,, Fraddcedch depanbpaes dry vdleu@rapeett snedritionumeri cal coefficients
which utilize the sanple_point. Further in accordance with the present
i nvention. if t@ﬂgltlonally referring to FIG. 6, in accordance with the
present 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 partially 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



medi a cannot be identified in advance, the initial values of the
coefficients may be set to a null or to assunmed generalized values, 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 gpgng&gz runni ng
snoothly, the ais reset to a normal value, such as 1/16.

accordance wth the present invention, if26he nedia does not change
characteristics rapidly, but rather changes over a |large string of
recorded data, the step of determ ning the programuabl e nuneri cal
coefficients may = conprise setting a to a very small ractlo uch as

1/ 100, or p%ﬁﬁ}%ﬁ%ﬁp@F§émPé§$ﬁﬁuﬂ £5CeRER ! M aGrET gt he” | at ed

di gital I FIG, 7 illuyustrat f kel i hood

Gebector b SiHes &0/ P h7 it b Spdeantar Thepr ddent? ”?%%ﬂe”%a”‘. N

FI GS. 8A and t t th

adaptlvelggﬁpb ét%@ng%gngis%ﬁﬁil?%gpfﬁgédédg% ”%fgg%f ; The pr esent

i nventi on. {ﬁ%égg% nggﬂuﬁqf%§éa1ﬁ§¥db§%aﬂé§ﬂ enented by logic circuitry
np roc

or in a cof sor a conbi nation. Asynchronous digita

sanpl es may be mmeO\gaQ%qairQ&mla%%%l F%@feﬁ O&rr&oﬁdpglség for the maxi mum
| i kel i hood detector at iInput 100, " for output to the maxi num

l'i kel i hooda@et@atringl B Ehectidsdsr @ta@el eabedi Ment dibheali sdgrrokathon to
t he synchronous digital sanples is conducted

1 minus the fraction of the previous accumulation of the

identified digital samples. The accumulation may be

represented by the formula:

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

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-«) 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) (yy). Thus, even should the detected
digital sample be erroneous, the resultant accumulation (4,)
will be accurate.

Next, adapter/calibration system 34 employs the

accumulated digital samples for each of the corresponding



by ‘an interpolator 101. It is also possible to equalize after

i nterpol ati on. Thus, the asynchronous digital sanples are delayed by del ay
102 to match the propagation of clock signals 2 F E B 2004 29 which are
supplied at inputs 105. Interpolator 101 enpl oys the_g?ggﬁgaggﬂz%s to
provi de the interpolation between asynchronous digital 0Oto
provi de the estimated synchronous digital sanple yk on line 106, which is
the estimated signal anplitude at the R3int as the clock phase crosses a
synt heti c synchronous tinme boundary. A signal on Iline 107, called

"t _qual", indicates that the digital sanple on line 106 is valid and is
"qual i fi ed'maxifud $YREMIUWUSta€BY] Mo MRMermIHENtRE BB INRRANRLEE 1 bard di sk
drives, interpolator 101 and delay 102 are not required, and the digital
sanpl es ar ecpravicdest dinacihivnigoahbi AecdNf.attlesagynehranaus dkgihah sanple
Yk is then provided to the ML detector 118. The digital sanple is also
del ayed t o licernpensat etdtar, Mhld state(fdentdifibeation) byr deldaye108act he

del ayed sanpl e designated as Ykd In accordance with the incorporated

Hut chi ns etrraividédiQunanidaldf@tappl coatfiignentt he digilwad redapke y& is
supplied to the generalized maxi mumlikelihood detector 118 at its sanple
i nputs. Théheadefapniieenatebdndenentvicatnyospéiaientas dihe adapti ve maxi mum
| i kel i hood det ector when enabl ed bx_a signal on line 111, or may operate
as a non-a&%ﬁ??ﬁ@“ﬁﬁk@?ﬂﬂﬁ the matching numerical coefficients is made

in accordance with the calculations of the incorporated

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

accumulated digital samples as the mean valhes 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

g, = 2(p, - p,) and P, = -p,2 + %, 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 p, 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



| i kel i hood detector with programmbl e coefficients in accordance with the
i ncorporated Hutchins et al. 419 and 420 applications if not enabl ed by
a signal on line 111. The 2 FEB 2004 30 progranmed nunerical coefficients
may be provided froma mcroprocessor on |lines 112. The nuneri cal
coefficients are provided to the progranmable registers- Zlﬁﬁa@qmregi sters
114 and input 106 are provided to the s le logic of the multiple
difference netric decision block 118 h al so conprises the rel ational

| ogic and sel ector of the incorporated Hutchins et al. 1419 and " 420
applications. The relational |ogic of block 118 provides a previous netric
whi ch compii’dessa didf erenceefBicient f wret kdhusted Ppreyviquskligi t@lcesanpl e
derived fromdifference netrics representing the difference between
metrics diitbet MyL dglsodicat ingrudiimndnobthdyat ese of tsheresecorded signal .
The selector is coupled to the sanple logic and to the relational 1ogic
for sel ect "RGMEhevahee ofsucheapekpetive generated alternative netrics

whi ch mnimzes the nean squared error wth respect to the previous netric
and for sel ectifgSonk? FCcorangeriiidy tdicf PEpepte Meteritdon, Addi thonal |y, the
sel ect ed derlveg difference nmetric conprises the previous netric for a

fol I owi ng F'RETAi §PEaI"YarmpRBIC ACHALA ThhIStREP| Rdt pat PUtnEABRST 119 i s
coupled to selector, .for identifyi the one, of the finite_nunber of
maxi mum | i ﬁ‘e‘?ﬁﬂ%%d%%%@s Lp&8F edeht i _Ofg%ef?ﬁéd%‘gl Whbd et PeP The path

menory respaRdsnifiid& he programmable numerical coefficients may
comprise setting o to a very small fraction, such as 1/ibO, 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 embodiment of FIG. 7 may be
implemented by logic circuitry or in a compufer processor, or
by a combination.

Asynchronous digital samples may be provided from an
eqgualizer (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



identified one of the finite cases and is set to a maxi mum |ikelihood
state dictated by the identified one of the finite states, the set nmaxi num
| i kel i hood state detecting the -2FEB2004 31 recorded anal og signals. A
decoder 120 is coupled to the maximumlikelihood path nenory for signaling
the set maxi mum. |ikelihood state, converting the state2pERMRE data.

For enbodi nents of the invention which ac%onnndate AC PRM channel s, such
as class PR IV encodi ng and second orderz'sanples, and cl ass Extended PR IV
encoding and third order sanples, the path nmenory 119 may be as |ong as

16. In accordance with the present invention, one accumulator f 122 is
provi ded femhieachrsaspie kel At Wnput JhMsaccuAut st OIS oeadh epppoyses both a
regi ster input 110 and a progranmmable register 114 for each of the sanple
val ues. Oncédet héoakcsinrats ap psoacdonpld shedrpd het cal wdtakiean of the
coefficients is acconplished by the nultiple difference netric decision

bl ock 118 iasvacbordant eliwittla 1t henp heorlfdr abedroHde hiles esttimbhted419 and
1420 applications, calculating the netric coefficient nunerical values for
t he accunuisatedroaPyesigftalhcasahpl v oot pins ¥4, twhécboisesipondi ng maxi num
|'i kel i hood states. First, the correct accunulator 122 nust be selected for
accunul at i §§tERBLeY nTHIsHoGEPdi i dalats 4l 8oyRrt ads delayddckt Reaselel ayed

sanpl e desi%nated as vkd. I.n accordance wi.ith the _
crosses a synthetic synchronous time boundary. A signal on

line 107, called "t gual", indicates that the digital sample

on line 106 is valid and is "qualified". 1In a synchronous

g

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 vy, 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 vy,4-

In accordance with the incorporated Hutchins et al. ‘419
and ‘420 applications, the digital sample y, is supplied to the
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



present ‘invention, and referring additionally to FIG 1, the adapter may
identify the digital sanples of the recorded analog signals corresponding
to one of the maxi mum li kel i hood states by nmeans of feedback 35 fromthe
maxi mum | i kel i hood 2 FEB 2004 32 detector 18, enployin the maxi num

|'i kel i hood path nmenory 119, or by neans of a non- maxi ;%ggr ood
detector 36. Exanples of non-maxi numlikelihood detectors digital
peak detectors for magnetic tape nmedia, and digital threshold detectors
for optical nedia. Additional delays of the digital sanple Ykd
corresponding to one of the maxi mum likelihood states to the adapter 122
are requipeohtaovconpensat eat ogrogie cpeotessindcofrrohedadl fiph e di fference
metric decision block 118 and for the maxi num |ikelihood path nmenory 119,
or for thenproresxiasgosf onhkimtm-11gaxi num | i kel i hood detector 36. Wth the
various delays, the sanple is synchronized with the identification of the
sanmpl e. NRZI déiewiresispl aealddericrps dee arravieethéondkenum | i kel i hood
state that corresponds to the digital sanple of the recorded anal og
signal s f OPTART BT ¢ 6?g%ﬁ%@%§nﬁi§ct gaépf%ﬁls?ﬁfﬁ flaf anfoh?Rrixififm

| i keli hood det ect 36. The NRZI ke oni.zes_.th t al digital
e R ?oﬂﬂf%éﬁeﬁ%%edséof%?nsw%es S5 pe il on et e Rt i BFL e O 2

t he cl ock an.li , d ds the ta,,via
ﬁU|tIp|eXO§é§%gg deﬁiféo u?&erﬁfﬁ%g %ggjé%§1rlses ﬁggda%%?%%§HSHOV|ded
on line 1334;callfde Q%tor%‘@' i iRdLept ek & MAlddnEoE: | 9adi NG 9

; and ‘420 applications. The relational logic of block 118

——n

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



by a signal on line 134, called "v2". The noving sequence of data,

i ncluding the nost recent, is thus stored in the FIFO 132 and is provided
to decoder 126. The decoder 126 interprets the sequence of data and
determnes the correct 2 F E B 2004 33 adapter 122 corregpondi ng to one of
the maxi mum |likelihood states. Alternatively, feedback-S% ﬁfﬂﬁ] maxi num
| i kel i hood detector nay be enployed to determ ne the nmaxi mumli kel i hood
state that corresponds to the digital sample. The maxi num |i kel i hood
feedback 35 is selected by a signal on Iine 137 which switches nultiplexor
131 to gate the feedback 35 rather than non-maxi num|ikelihood data 133.

Qual i fi cat i@tcyigRahnaldy seGUencesatie-dmy I kkkebhhoad Wetgetor and is
al so enployed to sequence the multiplexor 131 and FI FO buffer 132. Logic

140 of the mgedigetedi(d Moangaeh hbeoadapierss ghd2ing stisel £at adxwukhe
decoder 126 and accumul ates a fraction of the identified delayed digital
sanpl e ykd hitkeh ihopiinsisatdie convaetiof tafe atprcevioushacerandaata.on of the
identified digital sanples. As discussed above, the accumnul ati on may be
represented by the toboddrentAkof (b3 {Mentioplwh)chAkecimmanerce A8
represents the accumul ation and a represents the fraction. The |ogic 140
thus may cdipli seaanelnf iniahe asnplpse Pk dsponsedfingtend (3a¢nd ordkrl tering
or averaging the _ _

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 the
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 values 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



identified digital sanples. As is known to those of skill in the art, IIR
filters may be inplenented in fixed |ogic or progranmed into programrabl e
| ogi ¢ processors. As one exanple, the fraction a is set at input 148 and
may conprise -2FEB2004 34 1/16th. Thus, each digital sanple in the

accunul ation starts at its highest inportance to the agzqqggﬁzpeq, and is
a

then continually reduced in inportance the fraction (1- a),
which is set at input 149, e.g., at 15/1 s, as the next partial

accunul ation is made. Herein, the terms "accunulator", "accumnul ate", etc.,
al so conprise "averager", "averaging", "filter", "filtering", etc. In

accordancegdtiBrbherddr @aeby i Ay etd HMaxikhe l?ﬁ@ﬁrﬂ#o@){ QR K ReABAE Lfb 2

continuing basis for each identified digital sanple and provided to the

nul tiple dbffieyefcen TR kCnoflasd:sinih hlieek; 1d& td datieimzge t Beadmtshi ng
one of the programmeble numerical netric coefficients. In the above

exanpl e, the adentd.fireth digel ahosarpltestsny be accumyiatedpber provide the
accunul ations Ao - A3 for po - U3 in the equations for determning the
mat chi ng pdegeanvmb|mmuagnecat teia nediepedfd cdienittalgihreghoasnnd Pl - P6.
| f the conputation of the coefficients is relatively slow, only every nth
di gital safdptechens Heracetmodhtrediiender the control of input 141 for
determ ning the programmable numerical nmetric coefficients matching the
di gi tal sanpl esP4dtiHelodel afs sHi dheadiguhsl i dastdlsoods soaresroTfiusg t he

required
9 to one of the maximum likelihood states to the adapter 122 are

required to compensate for the processing of the multiple

P

difference metric decision block 118 and for the maximum
likelihpod path memory 119, or for the processing of Ehe 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 lcading
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 tc decoder 126. The decoder 126

interprets the sequence of data and determines the correct



| ogic to conduct the partial accunulation and the logic of the nmultiple
difference netric decision block 118 to determne the matching (N)
programuabl e nunerical nmetric coefficients may be relatively inexpensive
and slow if desired. 2 F E B 2004 35 Specifically referring to FIG 7,

mul ti pl exor 145, when set to "0" recycles a previous-a@?@ﬁ? 209& of logic
140 for the Nth accumul ator 122 at line 144 fromregister 6, and, when
triggered by input 141, gates a new partgql accunmulation fromlogic 140 to
mul tipl exor 147 and regi ster 146. The accunulation is provided at out put
150 to the nmultiple difference netric decision block 118. As illustrated
in FIG 7, sj ngl ccunul ator. 122 may be I oFr. . tion of
sanpl e va|8§§P#%$ ﬁﬁg‘xHEFSPﬂ?%H% %ﬁ o e08¥t§$%r%%%gw%hﬁégggﬁﬂﬁﬁgrica
nmetric cogffigients matching one maxi mum likelihood state, or a plurality
of accurul ators 122 may provide an accunul ation for each of a plurality of

di gi tal sanpl esp gt GHiNgea, Pl BEahidk ok 0BT PN dKelheode sfiatss. The
f eedback 144 of the accunulation of each of a plurality of accumul ators

122 are dgptetesr amay) iReempPdye@nd tHae et Pt t HOGhOfirduhe 1 2Re LB RL 1 on of
each of the plurality of accunulators 122 are depicted as lines 153, which
provi de thetaeeurmmy teddisgbhas SarmpleesiitOtal heanpild.i plraedind f afi@nce metric
deci sion block 118 in accordance with the incorporated Hutchins et al.
"419 and " 42Qel dippdd ciatddbask BBHricaledwlcabingy tdesiptali oncoehé i L3IENL
nuneri cal

which switches multiplexor 131 to gate the feedback 35 rather

5 than non-maximum likelihood data 133. Qualification signal

dia

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 vy,, with 1 minus the
fraction of a previous accumulation of the identified digital
samples. As discussed abo&e, the accumulation may be
represented by the formula:

Ay = (o) (yy) + (1-o) (Pxy),

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



val'ues fior the accumul ated val ues of the sanple outputs for the
correspondi ng maxi num | i kel i hood states. Conventional calibration |ogic 160
is illustrated in FIG 7 for the data detector enploying the non-maxi num

| i kel i hood 2 FEB 2004 36 detector, e.g., for averagi n&]Eaéﬁ be
provided for initial calibration or for detection of*= pﬁ medi a and
detection of the encoding format of the nedia so that the correct nmaxi mum
| i kel i hood equations and coefficients nmg4 be selected. Aternatively,
signal 150 is a good estimate of the nean for the bit sequence. Thus, a
mean may be generated wthout a full sumrer and counter by setting &to a
| ow nunber 1 amgty.eadhing, otid@utdiki@alesgnpldyim tiec ropnoeckssiom sGacest he
encoding format is determ ned, the nunerical netric coefficients derived
in accordance w4 highesti hepspematedoHub e haarsimetl agiion; 449d aired th420
applications and stored in a |ookup table are sel ected when the portable
medi a havidshtiadhgr actiecéstircsmpsridert iy dadeadrboadene i rmeurite (1devi ce.
In accordance with the present invention, the adapters 122 of the present

i nvention may, atlsiehbésutetizednntaddpt ¢he - mExilRiAPEPRel3hddE d6téct or
fromthe predeterm ned nunerical coefficients. Thus, rather than directly
provi di ng tPRrt ifrledecemal pREOMUTerRESr cHRFFiti dhes FefRR nean val ues

enpl oyed for determ ning the nunerical coefficients are provi deedr,,f rom the

| ookup t abl EHIHE LRECr opPoCEEE G ear Fifer 131G Fomprise Taverad

“averaging”, “filter”, “filtering”, etc.

In accordance with the present invention, the

e

.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 J, - p; in the equations
for determining the matching programmable numeficél metric
coefficients g, - g¢and P, - P..

If 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 reguired
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.



mul ti pl exor 147. Input 154 then operates multiplexor 147 to gate the table
| ookup val ue to register 146, and the output of the register conprises the
feedback on line 144 to be - 2 FEB 2004 37 partially accumul ated by | ogic
140 with the digital sanple provided on Iine 109. Thus, tﬁ i mum

| i kel i hood detector is initially preset wth the nean‘vZI E£¥%ﬁdﬂi
conprise the basis for the programmed nunerical coefficients, and are then
adapted by the digital sanples. Atern 5ive|y, t he progranmed nuneri cal
coefficients may be directly provided to the programred registers of the
multiple difference netric decision block 118 in accordance wth the

i ncor por at ed HuSeddifsicetl 1yl refangirando 420 Apphildamilexer afdl, tWeeradapters
122 then selected by inputs on lines 141. Additionally, the present

i nvention pE&VFEeS) hepeicyGAes| & kieF ¢ Hovd @ecertidnt Frorimd@Pacwhdl el Pt eci se
characteristics are unknown so that there are no predeterm ned nuneri cal
coef fi ci entBealibh taeusrdrECcroltatte ldmier L84, TTem gigHattedi L84t i ¥ t he

initial setting of the register 146 by the mcro racessaor at |ine 112 may
thus be { hENEESEREIFCTehEalpbl VA udBter ALMT HAT ik cRCEALRIa L qS

LY B} Sy8 P BELI G0 Pl A, M A ) g w1

initially put e maxinmum |ikelihood

det ect or i%cEHHQig%héﬂn¥§:g&gviéeésaérgﬂlpﬁ@s?gotébi%he multiple

difference metric decision block 118.

As illustrated in FIG. 7, a single accumulator 122 may be

ke

employed 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 Qf
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 corresponding maximum likelihood states.
i
Conventional calibration logic 160 is illustrated in FIG.

7 for the data detector employing the non-maximum likelihood



normal val ue. -2FEB2004 38 FIGS. 8A and 8B illustrate an enbodi nent of
alternative nethods in accordance with the present invention which may be
i npl enented in the adapter of FIGS. 1 and 7. In step 200, the type of nedia
and the encoding format of the nedia are detected so that the correct

maxi mum | i kel i hood equations nmay be selected. Step 201 i whet her
there is a table entry for the, particuéﬂr medi a. Ifffégfﬂ?EquﬁE entry in
the table, "YES', the table entries for e type of nedia are provided in
step 202. As discussed above, the table entries nay conprise either the
mean val ues which conprise the basis for the programmed nunerica

coef fi ci erdex andtioch are., efdereecdayihgneadd 2nay bruptroph dgdr fdd 7 nidri aday
conprise the programmed nunerical coefficients which are directly provided
to the progrlaired ivegbst £os axftadieonubti phe difd efenedipeendc deci sion

bl ock 118 in accordance with the incorporated Hutchins et al. "419 and
1420 appl idsdtdadrion bf therencenddngo frabhe ehttiesetdp fRetPgpeist nedia, or
the type of nedia is undetectable, "NO' in step 201, but the encoding
format is ¥HOWEL gpEpnepslsktkinpoghgarahiomput™d r28ITARESIYD 1% Pénporary
val ues and sets the nultiplexor. 147 to nul] or a %eneralized val ue.

Then, in STRPTEE- t ReLoRIRE FLY ¢ ﬁégﬂﬁﬁt}fb&e&%r‘a PRPY RSFETST & 146 i s
suppl i ed on out put 50b.€nd t he dete% or caligﬁgkgg gr ugggégga}he

pr ogr ammadle Thifer iF081 PLbefFi 8 Erit's i A 3ecortancd Wi th the

I ncor por at ed
without a full summer and counter by setting & to a low number
i and reading output 150, e.g., by a microprocessor.

Once the encoding format is determined, the numerical
metric coefficients derived in accordance with the
incorporated Hutchins et al. ‘419 and ‘420 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. TInput 154 then operates 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



Hutchins et al. 1419 and 1420 applications. Also in 39 - 2 FEB 200
accordance with the incorporated Hutchins et al. 1419 and 1420
applications, the programabl e nunerical metric 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 rre-tZdEE@Z@)[}irw ded
whi ch conprises a function of a previougydigital sanple. In step 214, the
one of the respective generated alternative netrics is selected which

m nimzes the nmean 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 thep?FH?Jelhﬁﬁ?élFméfite?réﬂ mARYG REPi HobRY s &L 9t &al dR#tR¥S ed whi ch
is represent ed (gél seI ﬁgéed metric of step 214. Also step 215, in
response PBEOYHEST fh l1“?e ne of the finite maxi mumlikelihood cases,

ts th kelih d t el | d st at
i crated by thelTiundii Ba5h “ﬂ%ﬁ‘é%pﬁ? B B i kof | hbotF Sates. The
SotaTaxi mumLhkeld hog state. »g}@ {Syple L oEOL dogh Angla,glonal § and the
data represen the recor ana SI gna S 1S provi Eled at data out put

step 220. Ek@ P&r&ﬁl{od%%@r%éb é&'@fﬂr&%%% 'Q?{@@f@r{heﬁsad%ﬁ@cﬁ'w&\ﬁ%s the

maxi mum | i kel Thood state corresponding to the next digital sanple ykd is
provi ded entherabysdpadhack from the detected maxi mum likelihood state for
that digital sanple in step 225 or by detection by a non-maxi num

| i kel i hood detertamaandedecodes fditrammest epm@2icalCanREct 0f e22Y nlagads to

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

normal value.



-2FEB20R 40 the identification of the maxi num|likelihood state of step 225
or 226 in step 230. In step 230, the accunulator 122 for that identified
maxi mum | i kel i hood state is selected. In step 232 at the sel ected

accurul ator 122, logic 140 partially accunmulates the identified digital

sanple Ykd from step 233 with the previous accunul ati,.o[z L::E@d?@g)gssed
above, the previous accunul ati on conprises an accumnul a f

identified digital sanples, alternativel3g conprises a value of steps 205
and 210, or alternatively conprises an initial nmean value which conprises
the basis for the programred nunerical coefficients of steps 202 and 210.

The accunul ati opr®f. Hrepnd38r as1HtSGHISAEH aRBVELMdTRY obeal fepiasient ed by
the formula: Ak = ((Y) (Yk) + (1-a) (Ak-1) , where A represents the
accunul at i petiands ail epjcesanh e tiech fuhacbireBenThimvaocunul abion nval we i s
stored in register 146 and fed back to be partially accunulated with the
foll ow ng hdph¢mditedt ici ghtabdsainpt exf AIS6.at aidcussed above, each
identified digital sanple may be. accumul ated, or each nth digital sanple
may be accunul atredstdm 290ept 240t yireheo fmmletlii pl endli ffeercaneéinet ¥dumadecifsi on

bl ock 118 determ nes the programmbl e nuneric coefficients fromthe out put
150 i n accohdanedianaus pﬁéeﬁﬁ@@riﬁnqﬁagdthe correct maximum likelihood

equations may be selected. Step 201 determines whether there
is a table entry for the.particular media. If 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 humerical 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 a and l1-o 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



Hutchins et al. "419 and 1420 applications. - 41 2 FEB 2UU4 Connector 250
then connects to step 210 for calibration or updating of the progranmable
nunerical nmetric coefficient determned in step 240. Step 251 deternines
whet her the a of step 232 was a tenporary setting. If so, "YES", step 252
determ nes whether the |ast accunul ated sanple or al| zﬁ:nglg urmul at ed
sanples of seteps 232 have stabilized sggthat the naxi I “1’hood
detector is running snoothly. This may be acconplished by counting the
nunber of sanples that have been accunulated, e.g., 100 of each sanple
poi nt, or by neasuring the changes in the accunul ated val ues agai nst

t hr eshol ds accbrdheceletigdt gihei sncoeronpdteds HBGERIns Ny dln Stép 25D, 420
tenmporary a setting is maintained. If the detector is snooth, step 253
resets a t@PPiheahbrmal tdet pragrartalofl yUurRE1rast MYctirmeCaf EHCSHHP e poi nt
is tested in step 252, step 253 only resets a for that sanple oint. If
al | sanpl e 356i APBLiRG et &dE8d2Lh QR P I52L thendigtep $98PLeSets 9P a
settings to_normal. Thus; the nethod and .t he ra;lgapter/c‘%z?{l i bratjon system of
the presenflfnb8ntbir Pro R dEENabhpt 415 Hréxi nifh F%e14iood S{Ei%’feeciti on and

provides TRLINILLL Sl Noad JELFEL SN, MEe: MOS BLSGLTC o

PR R SRt A S R

FEB 2004 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 1s identified which is represented by
the selected metric of step 214. Also step 215, in response
to the identified one of the finite maximum 1ikelihood cases,
sets the maximum likelihood path memory to 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 steb
220.

In accordance with the present invention, as
alternatives, the maximum likelihood state corresponding to
the next digital sample y,; 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



42 FIG 9 is a block diagramof programm ng inputs and logic for applying
programmed netric coefficients determned in accordance wth the present
invention to digital sanples of channel output signals to provide netrics
thereof; and FIGS. 10 and 11 are bl ock diagrams of |ogic for providing
selected first order difference netrics fromthe rretrl_v\z @Eé%@ ircuit

of FIG 9, and selecting the maximumli kgél hood branch zes t he
mean squared error with respect to the previous finite maximumlikelihood
state. The detector of FIGS. 9-11 is one enbodi nent of the incorporated
Hutchins et al. 1419 and 420 applications. The nunerical netric

coef fi ci entthearidenpt dgeanied o forhs ehax imac ddkdanseom statthe fpEespni2s
invention, thereby adjusting the response of the maximum|i kel i hood
detector ton REévani abére 288di alnl at&p @3M, theogrammelh tumdrRcabrnetat c
coefficients of the present invention are provided at programm ng inputs
401, 402, Mrtaﬁdedl@axiamml dokpit i Beod Lyipiticed spregearamkd nmetric
coefficients "gl%, "g2" "P1" and "P2" which are supplied respectively to
regi sters 421, Appsta32inatashe ThkewRad iAccupgerteEi Eitis 19uiand92 are

mul tiplier roduct) nmetric coefficients, and the nmetric coefficients P1

and P2 areP ('idraHVea(E%‘f“stlé‘ttFSnéP‘?l bd%'bte‘ff{‘lle@l ghfstaramlegyambEamnet ri c
ffi t t | d 441, 442, 451 d 452t
cach i g1 1 A aaBP e B I REE TR B ST OpK  Auptided 88 Pt 20 and

stored for E%ecbggblgygl§%dd%uﬁggﬁgﬁe%oéﬁ?%%%%oén accumulation of the

identified digital samples, alternatively comprises a value of

1 steps 205 and 210, or alternatively 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) (yy) + (1-0) (Agoq)

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.



43 .51. The application of the netric coefficients provides alternative
nmetrics thereof at registers 52 and 53, respectively at outputs 54 and 55.
The alternative nmetrics 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 nmetric which mnimzes the ne '% ﬁfrﬁd error with
respect to the previous netric. Thus, the progranniﬂgfi ﬁ 2 lé1 402,

411 and 412 allow the alternative netrié% to be adapted in accordance with
the present invention to the sanples which are being read. Progranm ng

i nputs 403 - 406 and 413 - 416 respectively supglg Erogranned metric
coefficients "g3hnector 250 R¥en coPhécts da afiept 818 893 calddgajdqnass -

436, which are enployed to calculate the various differenc .netr%cs for
the vari ousy Gases.inAJaEnthé heragebmingb to ety ieits M§8T 1 g0 'd Thilti pl i er
(product) netric coefficients, and the netric coefficients P3 and P" are
additive (eéfsatinaetini steped4d.cients. The programmed netric coefficients

are respectively applied by logic 443 - 446, 4 - 45 0 di gi tal
sanpl e of chanr@ep @§tpdetermes WREEEppHI e & ihSht Qg% ”éaﬁ%c%el ayed by
register 51. In the instant exanple, _4,sets of ri oplfigients are
enpl oyed t benperzey @gitainen off £4Yi f?{géehc%t%%tzgémde %rrﬁ4

. . rcs possi bl e cases.

Thus, regl%%grfa§SQN&nﬁg§aEggp§§&hﬁe%¥ §?9p$y ﬂ%f%ﬁ%ggﬂlated samples
of seteps 232 have stabilized so that the maximum likelihood

¢ detector is running smoothly. This may be accomplished by

| counting the 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 is
not yet smooth, "NO" in step 252, the temporary «& setting is
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 only resets o for that sample
point. If all sample pqints were teéted in step- 252, then
step 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 OI 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.



44 outputs 465 - 468 representing respectively, g3Yk + P31 g4Yk + P4, 95Yk
+ P5, and g6éyk + P6. Since the netric coefficients "g," - "g." and "P," -
"P'" are derived fromthe difference between nmetrics directly associating
"0" and "1" states of the recorded signal for first order maxi mum

| i kel i hood detection, this insures that no accunulatiozdgk trics is
unbounded, and there is never an overflow at the diffe éﬂ%ﬂﬂﬁc
register. r | The programmed netric coeffpcients "g,"-"g6" and "Pl"-"P6"
derived fromthe above are supplied, in FIG 9, at programmng inputs

401- 406 and 411-416 to regi sters 421-426 and 431-436. The progranmed
metric coeffici S are respecti | A | G -4 a 1- 456
to each digital%génp?el@ﬁazﬁﬁg%iég£%ﬁﬁﬁgﬁ%§?0§%ém#ﬁgj%ggﬁ%fa%?doﬁg%ﬁfs are
stored in reggisters,.460- 4652468 da-dh@nkagigs of FIG

10. In FIGﬁ%giéﬁg?ﬁéﬁguﬁﬁﬁﬁgmg%g-ﬁ§%9§%gﬂ%ﬁftEer processed and sel ectively
conbi ned wi Qi ri r@ginstien 68, ahyidagisampdds- 472. Thus,
t he differé%%gﬁﬁgpﬁ¥cgyg}gﬁ%rggfgégggn i nputs 468?y480, 48f4and 466 to a
mul tipl exor 64, H1he FBLE | £ QA 1ki B8 pASL dLpic@3e0si tige s '50Y, FOASI nput 466
representing, for exanple, case "1",-on input 480 representing case "2",
and on i npud ARS 1nepressTddingicasens Bf WAgithéoresubtiditriie spleovided
netrics are related to the alternative nmetrics and to the previous netric
68. 2 FEB 200¢st 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

o~

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 programming 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 vy,

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



45 Use' of the difference netrics and resultant difference netric
coefficients allows a selector 60 of FIG 10, which responds to the inputs
at lines 61 and 62, to select as the difference nmetric "DJk" 63 at |

mul tipl exor 64 from between the «calculated netrics of inputs 468, 480, 481
or 466 of multiplexor 64. The signals on lines 61,a3?Fﬂ§ h bi nary

val ues, which, when taken together, represent the 0 ¢ Ekéﬁﬁﬁnd oper ate
the nultiplexor 64 to gate the one of tH8 outputs 465-468 represented by
the particular case. .-The cases encoded by the state of the lines 61 and 62
fromFIG 11, a negative signal indicating a binary "1" and a positive
signal ind,cati inary 0" L-ag | e, ; | ; presenti ng

t he four c§%és.k¢%e§%é3{§§ﬁ on %¥ %ﬁi“%%r?%ebéﬁﬁégﬁﬁﬁﬁ§SdF??Z%%%%e nmetrics of

i nput's 468,;480n,¢8Jc N4 A0S, chiASYK €] EQ%KS&&%%rﬁ?“&nbaﬁb,”EtriC on out put
63 remains in defined bounds. The cases designated on lines 61 and 62 are

generated QyspRRAGENY dtheuabhes 4 iany BBt rics on inputs 54 and 55 to the
previous difference netric. The difference netric "DJk" 63 at nulti pl exor,
64 is del ayed irRer @0t SNt 168 AL SiPRIdcedmphowed it 6%haafihen one del ay
time as "DJ(k-1)" to adders 70 and 71 of FIG 11. Each respective

al ternati vainetiiheod gigtkect o1 foanchbrg2Ylkson P2"a ffwmtiont pit sh&4 and 55 is
supplied to inverters 490 and 491 for nultiplying by mnus one and are
added to thmrresti oasplalidnfiepenceonetaliectefipktn)ce g0 dygezdter selmrtand 71

to provide 46 2FEB2004
the metric which minimizes the mean squared error with respect

3 B 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,", "By" - "B/
to registers 423 - 426 and 433 - 436, which are employed to
calculaté.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 respective positive and negative states on outputs 61 and 62 which

identify the one of the finite nunber of cases represented by the selected
accurrul ated netric. Effectively, the adders 70 and 71 provide a conparison
of the metrics to the previous difference netric. The states on outputs 61

and 62 are used to select the next difference rretri.chPIJ Btzgoﬁ:a o
mul tipl exor 64, and are used to select a trellis pathTn nory 80 to

a maxi mum |i kelihood state dictated by #he identified finite state. The
path nenory 80 may conprise the path nenory 119 of FIG 7, and provides
the appropriate data bit at output 81 to decoder 120 for signaling the set

maxi mum | i kel ] Qg est at gyq GOBVELLLNG, & N SLALE,LA, L he, NRZ glat

I n
summary, riccs "are”cal cul at Gsi ng ‘equati ons f ng Bot 4yéarrpl es yk

and coefficien Copparisops, are nade, and a case is chosen as being the
nost |i kel y,"fé%’r’ﬁ t h%g Qbasg%l es ‘avail abl e at that point. But each case

al lows for oneqqf, tWo,PaLd1S i(SeEcFt G idhs The patly wesmy yg ien Fesol ves
the two paths down to one after sufficient time (synchronous clock

periods) hasrdars@ded ThEok®hd 8iFhafeemetaass aétoMs digecthat bit to be
either a 0 or a 1 (right side of each case, n(l)k or m{(O)k}. If there is a

l ong strincasesiastingg"of nH y'1"Casetés afd tBaseeorddirsilghelpadbh menory
cannot resolve which of two paths has occurred. Cases 1 and 3 however,
give convefigercerdad mixisuwal |1owel heopatdeteetopry, fOriPRsVres ERPRE N -
Cases 0 and 2 can occur for extended periods of tinme. 2 FEB 2004 47
accumulation of metrics is unbounded, and there is never an
overflow at the difference metric register.

The programmed metric coefficients "g,"-"ge" 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 vy, subplied 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 on 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.



Whereas in a baseline channel alnost all transitions will map to Cases 1
and 3. In the context of adaption, the present invention estimtes neans
with an IR filter using detected (M or otherwi se) bits. Wth each noisy
sanple there is a new estinate of the nmean, but not necessarily a better

estimate (depends on the noise at the sanple factore E Bm e
estimates are then used to change the coefficients whic Ge t he

nmetric equations used by the M. detector4d5 Whereas M. detection itself
gives a maxi mum |ikelihood or m ninmum square error estimation of a bit
sequence, the estimation of the nean (or p) is not maxi numlikelihood. The

maxi mum | i kel i hgad ﬁ@ttencet% 0L EL o &bﬂ%st BHS réghltaa%%oa%@@@erwh the

present invention us provi es adapt a maxi mum | i kel i hood detection for

a variabl e ;chanpelqo ARtk QYL Hes, sBxiJairck bkebd hood-idet eot i wRidor nmedi a
whose precise characteristics are unknown and there are no predeterm ned

nurer i cal ?Ehabeﬂésthé?qfngwtbngt agaids 62 Eh& 65, tieepeeseas tmwention
calibrates and adapts the maxi mum | i kel i hood detector so that it operates

33 towards difgFepenpt mftdicasbssargd etdingpt Askerent 643Fromiibd evddie tpeef err ed
enbodi nents of the present invention have been illustrated in detail, it
shoul d be appanented hadtrimadiofi taphionsiesnd 48dapddt iand66oothose enbodi ment s
may occur -2FE82uu4 48 to one skilled in the art w thout departing from
t he scope ofultiplexor 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 differepce 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,y, + 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



the present invention as set forth in the follow ng clains. -49- 2FEB2U0
W Caim 1. A nethod for nmaxi mum i kelihood detection of digital sanples
of data recorded as analog signals representing a finite nunber of maxi nmum
| i kel i hood states in accordance with a finite nunber of maxi num|ikelihood

sanpl e-to-sanpl e path cases, said digital sanples reptgzﬁﬁﬁigﬁﬁﬁyapne
out put of said recorded anal og signals a& a predetermn 1 ith
respect thereto, conprising the steps of.6providing at |east two
programmabl e numerical nmetric coefficients, said nunerical netric
coefficients relating to the probability of said digital sanples conprising

a data sequeacssspegpeet pyel yiaprind REqsal v atdtRaSbnt ¥R PrOITAMERR e
nunerical coefficients to each of said digital sanples to generate

al ter nat i ve2 et 1dic Sidepr@¥y di g ahePlo@VicAYSE MRt td Gunieehogospsdses a function
of a previous digital sanple; selecting the one of said respective
gener at ed a¢peeFmttedebyethé cselMhtitel antoihnlzesd hiee rivan seEeFEd,QRLOr W th
respect to said previous netric; identifying the one of said finite nunber
of maxi nunth¢ kkddersodOcases’l memvesienbedolyyasidich o€l ehe edeteldd o
responding to said identified one of said finite maxi mum|ikelihood cases,
setting athMeu@Famhoviskelfheerhqsametmemor yThe stareei punohimkeld dodnst at e
dictated by said identified one of said finite maxi numlikelihood cases,
said set rré%(i?ﬁﬁn“ﬁeﬁeltf’hﬁ%be%tt dhe nget et f IRy wuied "eEEde dRITANEBOGE si gnal s;

i mum | TSGA S AL e i MSEF L GCRCAtar RESbaFa RidhCit Pean gi 1 al
carhl 2, (bt GBI, FT DY kel ot st aieyy @ racti on o
\} identified finite state. The path memory 80 may comprise the
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 éllows 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.



accunul ated with 1 minus said fraction of a previous accunul ati on of said
identified digital sanple; responding to said accunul ated digital sanples
for said correspondi ng maxi mum |ikelihood states, determ ning at |east one
of said provided progranmabl e nunerical netric coefficients matching said

digital sanples to said one of said maxi mumlikelihooe s d
updating said at |east one provided programabl e nune?iggffﬂ§2QQ§]

coefficient to a value related to said determ ned matchi ng nunerica
coefficient. -50- 2 FEB 2004 2. The nethod of claim1l1, wherein said
identifying step conprises identifying said digital sanples as
correspondi tqg._sajd i | j t y ; of . eac sai d
maxi mum | i Ke Fﬁgédﬂ%t%{%%%%‘?hghrgr{%}t‘%gaqo t% gllr?n ‘i]?ae’? 2‘?&?’% gé?g ‘J‘S%‘?ti al

accunul ati qn, %esagd%_ﬂ(ijée@?' % tger@&ﬁ B ALahPidw, amepakatit

accunul ati on of sai ntified digital sanples for each said maxi mum

I'i kel'i hood §fRl@ioft: e IndTRINALaRE &1 @1 MAAL.1TANEE 8 & S iGhof LBEEERBY ! S
initially set to a first value and subsequently reset to a second val ue.

5. The nethed, ofr etRémrise WAkl N Raill ddentioh ¥ Ngams BP t3RWBr i5€8 new
identifying said digital sanples as corresponding to said maxi mum

| i kel i hood sHtatmatbyoot ties ridaan Bak dnotraddaswalri kel 4 hood cdetegetiingtle 6. The
nmet hod of claim 1, wherein said partial accunulation step conprises

accumnul at i nglepeady ob htlsairbiiseéenti fhedsapjiet dbcsangd ein)whefberen i s greater
than one. 7. A nethod for adapting a progranmabl e digital maxi num

| i kel i hood efdtigetep ape sthapanisgdl &ochlaanes thet paeffsaientsewhddhconpri si ng
the steps of. said maximumlikeli hood detector detecting digital sanples of

d'(alt_a recor fEF"ES tHAANRY G HAPS 1PRPrehiImg s ¥ rigte er WBEIPAXi num

14 Kel i hood tares Ln accordance gﬁth a ﬁ&ﬁ!&gkgyggggd<§} %Eﬁgggg1likelihood
sanple-to-géﬁﬁ{g 55?3 cHSWE T V8507 TP -

square error estimation of a bit sequence, the estimation of

the mean (or p) is not maximum likelihood.

The maximum likeliﬁbod 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



sanpl es Tepresenting said variable channel output of said recorded anal og
signals at a predetermned timng with respect thereto; said nmaxi num
| i kel i hood detector providing at |east two programmable nunerical netric
coefficients, said nunmerical netric coefficients relatidn uFﬁﬂﬂﬁﬁl
probability of said digital sanples conprising a data seg e ; U4
respectively applying said at | east two éogrannable nunmerical netric
coefficients to each of said digital san% es to generate alternative
metrics; providing a previous netric which conprises a function of a
previous digital sanple; selecting the one of said respective generated
al ternati veonshéi €5 MicChn hai 41 Z @8 thidve t meapa sy €dofr the $édpe roEspect to
said previous netric; identifying the one of said finite nunber of naxinum
| i kel i hoodthasgses¢meprievent €dn bys saitd feekacirdchmetfidldpowinglctaim2 F E B
2004 in response to said identified one of said finite maxi mrumlikelihood
cases, setting a maximum i kelihood path nmenory to a maxi mum | i kel i hood
state dictated by said identified one of said finite maxi num|likelihood
cases, said set maxinum likelihood state detecting said recorded anal og
signals; detecting a digital sanple of said recorded anal og signals
corresponding to one of said maximum|likelihood states; partially
accunul ating said detected digital sanple with prior said detected digital
sanpl es corresponding to said one of said maxi mumlikelihood states, a
fraction of each said detected digital sanple being accumulated with I
m nus said fraction of a previous accunul ation of said prior detected
digital sanples; in response to said accunul ated digital sanples,
determ ning at | east one of said provided programmbl e nunerical netric
oefficients matching said digital sanples to said one of said maxi num
| i kel i hood states; and updating said at |east one provided programabl e
nunerical metric coefficient to



a value related to said determ ned numerical coefficient. 8. The method of
claim?7, wherein said detecting step conprises detection of said digital
sanpl e as corresponding to said one of said maxi mumlikelihood states by
other than said maxi num |ikelihood detectjpn. 9. The rre_tgopgﬁ Ligl m 8,
wherein said other detection conprises peak detection. 10. ethod of
claim8, wherein said other detection conprises threshold detection. 11.
The net hod ofYWeld4im:7,- wherein said partial accumnul ation step additionally
conprises naintaining a separate accumul ation of said detected digital
sampl es for each said maxinumlikelihood state. 12. The nethod of claim7,
wher ei n sai d1f r act iXOmeih®difbi fnaminkim ﬁﬁéliﬁdadf%iefdc{iéﬁ of"@il%ﬂﬁ sﬂﬂﬁles%‘fgﬁgl“r‘égé}g{:é’
reset to a second value. 13. The method of claim/, Wherein sal (o] _
sanpl e det ec®f rialage signalsprepsesentingtae dinitagnutnbert af mawipiues lisliheyd espendt ng

[ [ kel S f hack ..pf..each sajd maxi pum B
| kel 1 hood st aps b llP 3 ity prGRIRRE 1ByuS5e sewagfmﬁﬁp@z s

' ifl adigital sippescrppseitas clanaelnotpbt SsEY G636 apdg sIERLR
3?5“2: 22%:@ vl\hglgiei nnis. rea??r t han ongﬂ.i_ 15, A rretrhod for calibrating

a prograrrrrabplge,daﬁeﬂwlﬁfi “Hﬁ%sl rFﬁpﬁ%qthﬂs@dcw@%@&,ﬂle Sfepﬁ)ﬁfiunknoym det Sctor
et hod conpri 5t ng L e Lrs A IGSaNS pRABILL SpEHBIAr mEt? therrioflss sid.q

thod conprising the steps of. said maxi mum |ikellhood d et
g? gital sgprrpp‘é@e‘g‘falw @f%&fﬁﬂ?@&bﬁwm to dlee prababilitysif gaid digitab pmegslesdanngrising
finite numbey qof seRhpum li kel ihood states in accordance with a finite
nunber of maxi num i kel’i hood sanpl e-to-sanpl e path cases in accordance
with said known corspecsisely appliingbaid ambdasistwoeprogeuithitle nffieHcM AobMRldits to
Séhainnel out Q#h o?fs%lgadllgqtari ga(}r%lgse 0 g%ggrla?egaltselm E}% Isneg;csa predeterm ned timng
i t/h respect er et 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;

o

- 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.



sai ¢ maxi mum | i kel i hood detector providing at |east two programmable _
nunerical metric coefficients, said numerical netric coefficients relating
to the probability of said digital sanples conprising ~%Ez$-gg2@bz_nce;
respectively applying said at |east two pryggranmmabl e nu ifc vt c
coefficients to each of said digital sanples to generate alternative
metrics; providing a previous nmetric which conprises a function of a

previ ous digtal Fheplethodsefl @it hgwhdnf]in(saiel idéntfiing Sgepmsvﬁdﬁﬂﬁr@ies%te%gi O
alternative netrjcs ich mninm.zes t mean squar.ed error w

said previ oug}?ght&i ?qnép\,,i@ﬁ ﬁ%ﬁ??@??%ng Ffbsad‘ﬁé“a&fm%‘aiqg‘e;lh?ﬂdt atg blepdback wérrehum
l'i kel i hood cafi@maxiimeakelh&sd ddtesai d sel ected metric; in response to said
identified one of said finite maxi mumlikelihood cases, setting a maximm
li kel i hood path menory to a maxi mum | i kelihood state dictated by said

I dentified oge of | | it I quy, .l kel i hood..cases 1d set {

l'i kel i hood g't ate zg‘!f g%{tbgnﬁg Ogadl?%élr été”rh sd as'ﬁlgl %?j“gli 6%5@?%5’%%%9 @H&i@oﬁ%ﬂ?

| east one sacanprisesineataminggs separddd sccnthbitiof df s&ideddntigiee AigifaPs@nples for each
predeterm ned.yal ue; defecting digital sanples of said recorded anal og
signals as ctf E%Hﬂﬂpﬁé}eﬁlboogr%te'of sai d maxi mum | i kel i hood states, _
partially accunulating said detected digital sanples for said corresponding
maxi mum | i kel i hood states, a fraction of each said identified digital

sanpl e bei ng* accufig methedpftaiaim ki whereinzaid frackioniiomiddllyasep tewifostsvalue and

accunul ation 3 | ifd holtal sanples; -53- - 2 FEB 2004 in
sbsiand et et

response to sai Igital “sanples for said corresponding maxi mum
| i kel i hood states, determining at |east one of sai dI provi fjed progragmabl e f
uner i ' [,Ci ) ' i.d,.digi.tal sa es tg said one o
gglmgr Irr;)e(ll m ][ Ir Ikgl fﬁeg%%{h%ldeo?tc aim t,%v Ie?e?n %z?iii Clidentl?ymg step C(r)rrrr)lpnses 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

n 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 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 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;



states; and setting said at |east one provided programmabl e nunerical
metric coefficient to a value related to said determ ned matching .
nunerical coefficient. 16. The nethod of claim 15, V\herfgﬁggzgﬁgectl ng
step conprises detecting said digital sampjes as correspk _ said one
of said maxinumlikelihood states by other than said maxi mum |ikelihood
detection. 17. The method of claim 16, wherein said other detection
conprises peak det @gtresponse l@.saiﬁhﬂemtﬁdd)dncog)f d—?ﬁﬂ ﬁnft;[éﬁn%‘)hm:cuﬁj Figél%id%goéda@i

i on conpt.ises thresh . detection. 19. e.method of claim 15,
\?\,ﬁteregit nos ai dg%élpg iaama)gm@:kglﬂogﬁ Psﬂ@bﬁlem £¢ ariaPyipum: Bkelhosd statadistatechbng
a separ ate aesidriwmifiednebof sl ¢intle hesimemdilgiihéd &@é@?k@ﬁ séThafiffuth 1i§&ih%9d
maxi mum | i kel | hOé)d state. 20. The nethod of claim 15, erein sard traction
i s initiallyS@&deigrtingspidgecopded analogsignalisequent |y reset to a second

val ue. 21. The net l1ay; rel albd di gi tal sanpl e detecting
step conprises de'lta g%%t?{r?ggg%l%l %ﬂgﬁ)lg\g? S%&%}%?Oégeda. ag(%ﬁ f’g@%ﬁg&rﬁs@of ng i gne
mexi mum | i kebf srddthagimure likglihdodestitasck of each said maxi mum li kel i hood

state. 22. The netho gf claiml5, er.ei ng‘ial,d partial accunul ati on step

conprises accumul BEHARY ATerpulaiing sa ddﬁéit tkgitadi sgmpla vgHimprier saidedeeated
i s greater tHigitaDienplSordBp R BRha me%g‘g{dxhﬁﬁmﬁcggh&;% ﬁ%%é; % ffion of

tion of digital sanples of ~ data record as ana signa .
?g:)regsle(r)lt i nge"é’h? s tdéteﬁir;pﬁ’dfbglt@fsamff heimg| 4ckemilateddwitht hinesus Baldcftamth idanfea
wth a finit 0 l.ikel,l d |e-t0-sanpl e pat cases,
said digital &Sgﬁgéc‘%“ﬁr ese%?ﬁ&ﬁéﬁgﬁﬁgﬁggpfﬁt%&m&le%al d' recor ded a_nal og
signals at a predatmsponseth ?a’xdracmgnmlatd_sd dgﬁp%ﬁngﬂ&g?giﬁgxgﬁn%{aggéaﬁ &gaaci)fdsald
2FEB2UU  -54 i_npu or receiving s . di gi . S
r"e,c’or ded anaP%g\]’ﬁﬁgmé n%rmﬁ)'ns; atble numerica metng co&lﬁcwnts 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 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.
_‘,I 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.



at least two programm ng sources for providing at l[east two nunerical
nmetric coefficients, said at |east tw nunerical coefficients relating to

the probability of said digital sanples conprising a dat €6 p\E ; sanpl e
I ogic coupled to said sanple input and to said at |east t%ﬁgg?gﬁ{m ng
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 |ogi ]E: for prov:cdl-ng a
revious nmetric which c rises a difference netric function of a previous
gi gital sanpl¥é derithedmethge ofgriairar bnwhersit spidspartiph aeammylatipn step com};rlses_ .
di fference betMgel | i hadd N O g " t jates of sai
recorded si g%gl ; aase cé\ﬂgf%?tﬂg%@aeléséte? gﬁ@% gﬁds@gb\”eer ‘83?‘; gg%ade r’? AR SART
relational logic for selecting the one of said respective generated

[ tri whi L ni.m zes the nean . squared error With respect to
alvernat] ve LT o We0 ) PR, 4 sl nRee S ST e Hhaiherd SBect
metrics, wherf@nyusiaiothnsdete2dr Febnél @hiknoneh dhitd ol B EFfedt & VaRRHE 'cﬁiﬁﬁleeflé\}]tglga

revious netric for a followng said digital sanple; a maxi num _
Bath menory é@dﬂl%ﬂ@r@mswgstbﬁét@pwf; for identifying the one of said

fini nmb f gt ' ' r E0T: said se] ect ed
retri C, Sard pat h Sy P us TR CRRER PG R P Y b0 et
EE A e b i st F e P gt e
f id fini . et xiJum.li kel.i h C

O e BERBRES i) SR T b LBog S B e G omap
ent 1y Gog T ol AL e ol Sarel pacOPia Ry seprtidhiing sHd VRALEIE channel

[ aiti fyi di gi ) s, of _sai.d recorde ; . Si |

b T esponal nguBst ShBGECu T HEE GRS SRR EUliraind vifh eapsobicarta

coupl ed to said desget @hxifim PAKLhBH ydé%é‘&m'r&\m;ﬁagl 3 ilg%étgﬁgl{ L%L&%mn&ble

digital sanples for said correspondi ng nax m |'T kK&l i'hood €s, “sal
accunul at or Da@eneal| meirivg caeffictants, osaidf nwpeitab andricdenefificicats delgiingl tos ainp! e

with I m nuspﬁﬁldgi]iw (?t‘:sraidod?gital 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 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
Lol represented by said selected metric;
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;



of a previ ous accunul ation of said identified digital sanples; and | ogic
coupled to said accunulator and to at | east one of said progranm ng

sources, enploying said accunul ated digital sanples of sai ndi ng
maxi mum |ikelihood states to determ ne at53east one of sa?f@H)Zﬁagd

nunerical nmetric coefficients matching said digital sanples to said one of

sai d maxi mum | i kel i,hood st ates, and upggt I, n? said at | east one provided
nurmerical netric cdBFYSPEREHP spid agcumlpted digital sannles fohpaid corgespppding gaximum
mat chi ng nu ' i Qi ot 20 : ' .

i kel i hood 325“53? o Bk Sh@hhining bleast-orfe b g%@gﬁ@@%aﬁ@?@%@?@@%‘@?@
coupl ed to sanefriaweefficiontsikatching saidpligital senpleytoamaitl ombeolt safd maxisaing lidéltidod!
sanpl es as cosgrtes_ﬁﬁ(?di ng to said maxi mumlikelihood state by feedback of
each said naxim i keli hood state. 25. The maxi mum | i kel i hood detector of

claim23, wherein sgitihgasidWidastdie pr&EAIRT profoannddld hdhidical flenst &iegﬁéient toa
a

accumul ators, each separ atelé mai ntai ning an accunul ation of sal

i dentified di‘gicdelatedipisaid detsymingd matehing munsringhsoeffiepithood state. 26. The
maxi mum | i kel i hood detector of claim23, wherein said accunulator fraction
f isinitially a first value and is subsequently reset to a second val ue.
27. The maxi rém | i Kidei hethdd @ telairols, ofhertinisaid2@tecting rsedpncaapribeslidgietfhg said

I det ' . ' | i kel i. d.detector identif
a1 G i gi 1l LainbFREPIER 55 B esBRRTEH 5 one AF o s ieBho b ates b s,

ot her than sah#h sskmakitun kRéliHde@detebi@deCt i on by said maxi num | i kel i hood
detector. 28. The maxi mum | i kel i hood detector of claim 23, wherein said

accurmul ator accunul ates every nth said identified digital sanple, wherein

nfis greater jphan qigmadhd &l ekl it al, maximm
1{ Kel i hood detector for adapt%ﬁlglrgég{hgie e%ag%%?lg{eg a \Bé:?fngt'?éés p%ﬁléﬁ%g?tlon'
out put; said detector detecting digital sanples 4 ' .| of data recorded as

anal og si gna|1§_ repreReRtnbd & I:l'alrr]rlx tl%, “%”J%SB S%Ed other rﬁ'értgcltibh e(lolnt]p%%gs threshold

detection.

19. The method of claim 15, wherein said partial accumulation step additionally
comprises maintaining a separate accumulation of said detected digital éamples 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 detection of 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 channel output of said recorded analog signals at

a predetermined timing with respect thereto, comprising:



states in accordance with a finite nunmber of maxi mum likelihood _

sanpl e-to-sanpl e path cases, said digital sanples representing said .
variabl e channel output of said recorded analog signals. ?aﬁgarmer m ned
timng with respect thereto, said detectorsganprising a* t for
receiving said digital sanples of said recorded anal og signals; at |east
two programm ng sources for providing at |east two numerical metric
coefficients, said asampleasputforoecrivieg saiddigitabdafipi¢seofisaidrret @tiédghaley difeils;
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netrics, wherwhighsamprises ediféatentemistrd felictibnoénqueviens digitebsanipls dsrisad flom
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finite nunberandf“liiatatenofshidlredordedaienafises represented by said sel ected

netric, said path nenpry responding to said jdentified one of said finite
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recorded anal og signals; and an output coupled to said maxinum
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accunul at or dueyPesmemicdor o fllowdng suid digitalzampleal | y accunul ating sai d
detected - 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.



digital sanple with prior said detected digital sanples corresponding to
said one of said maxinmumlikelihood states, said accunul at or accunul ati ng
a fraction of each said detected digital sanple with 1 m nus said fraction
of a previous accunul ation of said prior-détected digi ka) FERI and .

| ogic coupled to said accunulator and to at | east one of sal rogramm ng
sources, enploying said accunul ated digital sanples for said correspondi ng
maxi nrum |ikelihood states to deternmine at | east one of said provided

nunerical nmetg4c c L6l . hi i.d_digit S les t ai d one, of
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detecti ng saifagihfiint Akel3RoWLGteS corresponding to said maximum likelihood
state by other than said nmaxi numlikelihood detection by said maxi num

| i kel i hood detector. 31. The adapter of claim 30, wherein said digital

sanpl e det ect co | ses.a pe ~detector. -57- 2 EE B 2004 32. The
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| i kel i hood state. 34. The adapter of claim 29, wherein said accunul at or

fraction is initially a first wvalue and is subsequently reset to a second
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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 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 deprived from difference metrics representing
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detected digital sample with 1 minus said fraction of a previous accumulation of said
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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.

d



said finite cases to set to a maximum |l ikelihood state dictated by said
identified one of said finite cases, said set nmaxi mumli keli hood state

detecting said recorded anal og signals; and an output coup ai d
maxi mum | i kel i hood path nmenory for signali-Bg- said set naxi ﬁéé)m%ood

states; said calibration systemconprising: a programred input, presetting

at | east one §€| d pﬁ,ﬁviagedggrggrammbl e nunerical coefficient to a
pr edet er ni ned>¥al uelP% agdaRtel obclaimy 48 mherein gridadigisalnpinaple odetecion comprised el

anal og si gnal gyr@holdcfidcisipondi ng to one of said nmaxi mum |ikelihood states;
an accumul ator coupled to said detector for partially accunul ating said
detected digital sanples for said correspondi ng maxi num | i kel i hood states,

sai d accunul ator umdl atin fraction of each said detected digital
sample with 1§§r)ﬁ nugﬂiea%aﬁ% ranJF@H“ofS” ‘&heﬁ?lexﬁaﬁﬂécmwm &OMPASeT a pumlity of
det ect ed di gi digitalsRoRhekioraRdch QPhfatdPHRIRSNLS Hal fhfe Ded Qi
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sanpl es for sHEMPlesfor eachsadi meximas kekhood itelei hood states to deternmine at
| east one of said provided nunerical netric coefficients matching said

digital sanples to said one of said maxi mumlikelihood states, and setting
said at |east3bne pFlevadiptbrrofietsincad, wherelnCsai®abdunfilat fhaetion Y@ iMgalNyeh ated
to said determ ned .mat.chi ng nunerical coefficient. 38. The calibration
system of cl ayAlheand i5 subsequently reseriorasteped Yaueoupl ed to said maxi num

l'i kel i hood path nmenory and detects said digital sanple as corresponding to
sai d maxi mum ] i kel ihood state by other than said nmaxi rum |ikelihood
detection by ¥ai d Theadier pf rleim R§owhereinessibdigitaiosanipie detatiobissdaupledy Shigm

of! .cl ai m 38, Lnrsai i qQivt al Qr,. . rises a peak .
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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 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 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



41. The calibration system of claim 37, wherein said accumul ator conprises
a plurality of digital accumul ators, each separately maintaining an

accurrul ation of said detected digital sanples for each sajd [ _
| i keli hood state. 42. The calibration systeggof claim37* M@m d
accumul ator fraction is initially a first value and is subsequently reset
to a second value. 43. The calibration systemof claim37, wherein said

di gi tal sanplwithigespeetoto said prexipusethetric smi Grnsetéctingn drickef sdid attrived kliffaremgey

and detects sgj i tal sampl.e .CQrr. ondi ng.to said maxi num )
l'i kel i hood st*ﬁ%@%‘%@é@d@%&@%ﬁ%@ﬁwﬁi ‘{lﬁsﬁ@%ﬁ'ﬁﬁlﬁ 90T S d areieus metric
44. The cal i bontifolowygisaid difitllsamPled 4 maiALA! ikeSiBbSH pLEUHMhEY Youpled to said
accunul ates ever nth said detected digital sanple, Wherein n is greater
t han one. sefec%r, 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;

asica,
N

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 system 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 digital 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.



