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APPARATUS FOR PROVI DI NG DYNAM C EQUALI ZER OPTI M ZATI ON
BACKGROUND OF THE I NVENTION 5 1. Field of the
Invention. This disclosure relates in general to data
signal detection in a data channel, and nore
particularly to an apparatus for providing dynam c
equal i zer optim zation. 2. Description of Related Art.
10 As computer hardware and software technol ogy
continues to progress, the need for larger and faster
mass storage devices for storing conputer software and
data continues to increase. Electronic databases and
CONMAREARANIS FARI RO VIDINGEBY NAMIC B ALERRE OFlIMIZA TION
require |large anmounts of disk storage space. Mass
storage devi ce nargkEERGREUNDSIF THE INWENTION
produce- hi gh-speed hard disk drives 15 wth |arge data
capacities at |ower and | ower costs. A high-speed hard
disk drive is one that can store and retrieve data at
a fast {atefﬁgyg ﬁéQﬁ%%n8ﬁ i ncreasing disk drive speed
and capaci ty*rs—%o—rnpruve i ncrease the area
density, den i.ncrea by i Vi,n
e’ et Fbdafoufo s dh Xeﬁgef? {5 s R alteston iy b e, and
mass st orage deV|ces and_systens, such as hard disk
dr Qe Particyiarly de anappaRtusoR ROV Iding dynagic sauaizer ot iraten.
rotating disks or platters, a spindle notor, read/wite
heads, an actuator, a pre-anplifier, a read channel, a
wite channel, a servo controller or digital signa
processbr, dimcmivnraf|Rebitedcitt ry to control the
operation of the hard disk drive and to properly
I nt er f agecdniprutdrhadwiirsinddofiwaret tectiolgg totinusy Si progesss the need
The read

for larger and faster mass storage devices for storing computer software and data

continues to increase. Electronic databases and computer applications such as
multimedia applications require large amounts of disk storage space.

Mass storage device manufacturers strive to produce-high-speed hard disk drives
with large data capacities at lower and lower costs. A high-speed hard disk drive is one
that can store and retrieve data at a fast rate. One aspect of increasing disk drive speed
and capacity is to tmprove or increase the areal density. Areal density may be increased
by improving the method of storing and retrieving data.

In general, mass storage devices and systems, such as hard disk drives, include a
magnetic storage media, such as rotating disks or platters, a spindle motor, read/write
heads, an actuator, a pre-amplifier, a read channel, a write channel, a servo controller or
digital signal processor, and control circuitry to control the operation of the hard disk

drive and to properly interface the hard disk drive to a host or system bus. The read
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Page | channel, wite channel, servo controller, and a
menory may all be inplenmented as one integrated

circuit that is referred to as a data channel. The

control circuitry often includes a mcroprocessor for
executing control progranms or instructions during the
operation of the hard disk drive. 5 A hard disk drive
performs wite and read operati ons when storing and
retrieving data. A typical hard disk drive perforns a
wite operation by transferring data froma host

interface to its control circuitry. The contro

ci channdly writelvhmmst, ceres codtenldataad b memorpmay all tdy aplemented as one
random access nenory. A control circuitry processor

S Cinesdttt@bcirtu B 8at BSreffred @/&MY datd chafihd OThd EshitdoNEieduitBf bR includes
to be transferred to the disk platters through a wite

10, HRa5MELessot 16 BRI coftkdI Pbdrdiis FRHGRCLOS LSRG dpbition of
heads to the appropriate track and | ocates the

apRL AR k%ﬁﬁ%Ctor of the track. Finally, the hard disk

drive control circuitry transfers the data fromthe
dynami c

and ccess. nenor.y to the | ocated sector of . .
the a1 Rk e PRl it b o SptR G ot Aok B af retieving
generally h a fixed data storage allocation, .

t ypiat I‘V‘@Tgafﬁ)ﬁﬂ%sdrw Pﬁ’éf%rﬁnstfa‘t’%t.% ORerRfion By Epnskagring data from a

controls the timng of a wite 15 operation in the

wrhaseinghpmis) its cpREohgiiciérye HAR sentraksijcuitay Bge stors thdaa B local

that the data can be nore reliably retrieved later. In

a hwanticopadan resass memop gy omtiohtircugecproressa sbiedrkead s¢rees of

| ocated by properly positioning the read head and data

t hakents &s alhsethe prifornaiom|ty bevratsfarredito thehiiskdilstiers $iroughd.write

The read/wite head senses the changes in the magnetic

f I dbin@di. Thecshitokcipduatd @bvanhe read/write heads to the appropriate track and
locates the appropriate sector of the track. Finally, the hard disk drive control circuitry
transfers the data from the dynamic random access memory to the located sector of the
disk platter through the write channel. A sector generally has a fixed data storage
allocation, typically 512 bytes of user data. A write clock controls the timing of a write
operation in the write channel. The write channel may encode the data so that the data
can be more reliably retrieved later.

In a read operation, the appropriate sector to be read is located by properly
positioning the read head and data that has been previously written to the disk is read.
The read/write head senses the changes in the magnetic flux of the disk platter and
generates a corresponding analog read signal. The read channel receives the analog read

signal, conditions the signal, and detects "zeros" and "ones" from the signal. The read

channel conditions the signal by amplifying the signal to an appropriate level using
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20 generates a correspondi ng anal og read signal. The
read channel receives the analog read signal,
conditions the signal, and detects "zeros" and "ones"
fromthe signal. The read channel conditions the
signal by anmplifying the signal to an appropriate |evel
usi ng Page 2 automatic gain control (AGC) techniques.
The read channel then filters the signal, to elimnate
unwant ed hi gh frequency noi se, equalizes the channel,
detects "zeros" and "ones" fromthe signal, and
formats the binary data for the control circuitry. The

bi dd@y¥aticQairtddatrbBlA Glaf Bctintqued e’[‘hé fead efaRh&1Qkkr f1243 1hR&ignal, to
read channel and is stored in the DRAM of the 5 contro

Cl difihdeE ¥nwdi€d Bgﬁ? ?:%géeg&y hEeh ¢ ?Mﬂé& @&eﬁxﬁelt etE%l? "%Po%" and

that data Is rea transterre
gﬁgh% e:ﬁ%n}p s{g%;'ngll %rgdsi erlgargﬁét%h%aﬁ%ﬁ ntrtoEcélrcmtry The binary
%a /'le\{a t% psiet g‘g@%‘g%ﬁ a g'gthg;peq%t g%(ill’ﬁg rg]dggqrotreigﬁa ltt?erDRAM of the

|nfornat|on fromthe disk called a servo wedge. The
sePpEChFGHEY: dhe PERCEESOF Hisn persmunisatepio thy boqﬁé‘%éatw gadyrfo be
a 10 radial direction and along the circunference of a

t regokferFtheAderdecledkanonubls tetighing of o ingad opewtivd orthe read channel.

i nformati on so the servo controller can continue to

pr oper |1As thodisk iptatetshaee inewids, thoreatfveait¢ haadk mudt Aigntor otaglon a
hard di sk drive data or read channels used a technique
kpamttuins taelaKThid BtaeedrhsiBhéOby exdinaattingyifotl@itREt frdig the disk
digital information fromthe analog i nformation 15

stcanarh eitvd Redgraametskso WRdk@indldatet Bleobitieh BE He@eadsith in a
waveformis |evel detected and if the waveform| evel

| SadDWRcAord ﬂ{dgﬁ&@ e GHunEreRoSA PRI THE BAQ ChardnBE081& this

is considere

position information so the servo controller can continue to properly position the heads
on the track.

Traditional hard disk drive data or read channels used a technique known as peak
detection for extracting or detecting digital information from the analog information
stored on the magnetic media. In this technique, the waveform is level detected and if the
waveform level is above a threshold during a sampling window, the data is considered a
"one.” More recently, advanced techniques utilizing discrete time signal processing to
reconstruct the original data written to the disk are being used in read channel electronics
to improve areal density. In these techniques, the data is synchronously sampled using a

data recovery clock. The sample is then processed through a series of mathematical

operations using signal-processing theory.
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"one." More recently, advanced techni ques utilizing
discrete tine signal processing to reconstruct the
original data witten to the disk are being used in

read channel electronics to inprove areal density. In

t hese techni ques, the data is synchronously sanpl ed

using a 20 data recovery clock. The sanple is then
processed through a series of mathenmatical operations
usi ng signal -processing theory. Page 3 There are

several types of synchronously sanpl ed data channel s.
Partial response, maxinmumlikelihood (PRWM); extended
PRVL ( HRBMare sortwngesof axtieodedlyRRiMpled (dEfRRMa)kIs. faxid response,
del ay tree search (FDTS); and deci sion feedback

equatiidat iieslih6GEEBRMBY: @x&ekATEME XBPRAVES; @fhardbd, feﬁfeﬁ@éd PRML
types of synchronously sanpled data channels usi ng

di J, FiTBd digake REREEPSTON aﬁ@&&ml&%@ba%m@%hﬂy THFE)

likeli hood detection performed I n many o

SYaL SRrd Sx A SiRGELALIR e e i i

i rrp%emeﬂt | ﬁagﬁ#i %‘ ﬁ&r g{éﬁ;gor ﬁm}{b'sﬁ'e?am d:ﬂ%gah%ﬁglilegys using

dat a cEanne ead CQﬁ?nel equj res

o QBB B LeRrroing s RO A rB Gl Lpabd AEPien

The |rc ¥ ggy performsuch 10 functlons as anal oor

si Ry rms% 4N YCARSSR SYSMORHEYREY gettormeg by o terndegector

contlnuous tine filtering, signal sanpling, discrete

t i fPlanegkiag thereekistlersithini pul ation, timning recovery,

signal detection, and formatting. In all synchronously

sanpl edl he i acheorauslylssmplet dataghaomel goedd duannehgenarallyaequires

operation is to accurately retrieve the data with the

| onexsd-naide cecuioy forgieeforming bhedhipglagsii. Tied Suitry may perform such

envi ronment .
functions as analog signal amplification, automatic gain control (AGC), continuous time
filtering, signal sampling, discrete time signal processing manipulation, timing recovery,
signal detection, and formatting. [n all synchronously sampled data channels, the major
goal during a read operation is to accurately retrieve the data with the lowest bit error rate
in the highest noise environment.

One of the fundamental effects that limit the recording density in magnetic and
optical recording systems is intersymbol interference (ISI). This effect is due to the
bandlimited nature of the head/media combination and results in the overlap of responses
due to sequentially recorded transitions on the media. That is, at a given instant in time,
the output signal from the medium is composed of not only the response due to the input

symbol at that instant, but also the responses from some previously recorded symbols.

The amount and the span of this overlap increases as the linear recording density is
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15 One of the fundanmental effects that limt the
recording density in magnetic and optical recording
systens is intersynbol interference (ISl). This effect
is due to the bandlimted nature of the head/ nedia
conmbi nation and results in the overlap of responses
due to sequentially recorded transitions on the nedi a.
That is, at a given instant in tinme, the output signal
fromthe nmediumis conposed of not only the response
due to the input 20 synbol at that instant, but also
the responses from sone previously recorded synbol s.

Thgcraaed ndiviag éisé fb&)&%ﬂ%ﬂ p&tlerdshinfon@ 4@hbaiR tHab Gl QRRG 1 Poery complex
the linear recording density 'is Page 4 incre€ased,

9l M RIEFFELIE & (R Ry $ithARiRAEL y&Yips among synbol s that are
generally very conplex ‘and Jlfflcult to unravel with a

simpl e i i [ e onse filtering .may be
usen £ iy bR TS ol SEROMSS Lk B0 FTRY piials. For
order to. reduce the jnters l. interference iptroduced .
oy RS R A 46 FeHEe 6 GRERHBP IpHERc-T Eeace by & Sommunication
e alifat'on may be praovided using an adaptive filter.
I—Ig’\ﬁ%‘?f@ > TSR GiRFeeapplizaig Mgy Pe arovited aising e adantiva filtse However,
cancel l ation, |inear prediction, adaptive signa

erfHat e fdigts mashalsabrapseil er nobwtcarsiellatia foday erefidtiveraslaptine signal
digital filters that are capable of self-adjustnent;
arstohagleeopnt, andeadagiéa dontralppl i cati ons that require

differing filter characteristics in response to

var i ablAelaptl flignade dognbliikdre it ardRaptbadfisvie-alljubinnt; a8 which
the ability to update its coefficients. Coefficients to

t e e pt appeicdtiont €fat ABirel BURHAS filYr SAREIRSIRSNresponse to variable
coefficients to the filter froma coefficient

gernakialoAitiodd) €A £ A&ptil € HRMha9 BRERANP to Lilp%aéqtsacg@ﬁx{cie\llﬁs.
al gorithmthat
Coefficients to the adaptive filter are updated by sending new coefficients to the filter
from a coefficient generator. The coefficient generator is an adaptive algorithm that
modifies the coefficients in response to an incoming signal.
An important aspect of equalizer performance is its convergence. After any initial
training period, the coefficients of an adaptive equalizer may be continually adjusted in a
decision directed manner according to a suitable algorithm. In this mode, the error signal
is derived from the final receiver estimate (not necessarily correct) of the transmitted
sequence. In normal operation, the receiver decisions are correct with high probability,
so that the error estimates are correct often enough to allow the adaptive equalizer to
maintain precise equalization. Moreover, a decision directed adaptive equalizer can track

slow variations in the channel characteristics or linear perturbations in the receiver front

end, such as slow jitter in the sampler phase.
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nodi fies the coefficients in response to an i ncom ng
signal. An inportant aspect of equalizer perfornmance is
its convergence. After any initial 15 training period,
the coefficients of an adaptive equalizer may be
continually adjusted in a decision directed manner
according to a suitable algorithm In this node, the
error signal is derived fromthe final receiver
estimate (not necessarily correct) of the transmtted
sequence. In normal operation, the receiver decisions
are correct with high probability, so that the error

est i MtEfisad ®itaHE aReEHH Rk NGO Hae@ihiAW gbfEequalizer taps
adaptive equallzer to 20 maintain precise equalization.

We@&“ﬁﬁa the fitl e hﬁ%ﬂ& rgéﬂoﬁ&t ﬁl@eragatme'cﬁ’ﬁetﬁgd@)lr s&l@fngrﬂ"f‘ig groblem is

track slow varlations t he channel characteri
g[}gﬁ“gg Fnb§ Paﬂ{ ?r?qo tRQﬁltshge%J;t%e Fagﬁ?e% ﬁagzgééé’c Jo[v u%l,m? written

orithm nust be sed m ni.n

o quitrnds 8&%@8 e PBTG SO ey %ﬂﬁmﬁ%@svla@% 6‘%&?&' of
fllter A direct nmethod_for solving this problemis
wrSapaions fordhmeqratizes iapst & htswepr&fﬂ@kreqvléeé@r%tﬁwéltwgtaﬂ@pwn pattem to
back, deconvolve out the witten pattern to obtain the
sfb%éﬁkresponse, and then directly solve the resulting
system of 5 equations for the equalizer taps. This
appr oadknatiey (ivelBknbivn solutio tsithglBMSkKheashMsart Sewane)tabgorithre. The
di sk. Another (well) known solution is the LM5S (Least
Mdedst Sgarasqupred LYY ictibimadaptiee fikamgtscigans depaabel BV idrow and
error adaptive filtering schene is described in B

Wadr Ve d ., Mdaptivd Ok ftchidg Circuidd ﬂpFHB/We@Uhmﬂ\r ec., Part 4, pp. 96-
Gircuits" in | RE Wescon Conv. Rec., Part 4, pp. 96
104, August 1960. The use of the LMS algorlthm in an adaptive equalizer to reduce
intersymbol interference is discussed in S. U. H. Qureshi, "Adaptive Equalization”, Proc.
IEEE, Vol. 73, No. 9, pp. 1349-1387, September 1987.

In an LMS equalizer, the equalizer filter coefficients are chosen to minimize the
mean squate error, i.e., the sum of squares of all the IS] terms plus the noise power at the
output of the equalizer. Therefore, the LMS equalizer maximizes the signal-to-distortion
ratio at its output within the constraints of the equalizer time span and the delay through
the equalizer. Before regular data transmission begins, automatic synthesis of the LMS
equalizer for unknown channels may be carried out during a training period. This
generally involves the iterative solution of a set of simultaneous equations. During the
training period, a known signal is transmitted and a synchronized version of the signal is
generated in the receiver to acquire information about the channel characteristics. The

traintng signal may consist of periodic isolated pulses or a continuous sequence with a
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10 104, August 1960. The use of the LMs algorithmin an
adaptive equalizer to reduce intersynbol interference
is discussed in S. U H Qureshi, "Adaptive
Equal i zation", Proc. |EEE, Vol. 73, No. 9, pp.

1349- 1387, Septenber 1987. In an LMS equalizer, the
equal izer filter coefficients are chosen to mnim ze
the mean square error, i.e., the sumof squares of al
the I'SI terns plus the noise power at the 15 output of
the equalizer. Therefore, the LMS equalizer maxim zes
the signal-to-distortion ratio at its output within the

Cof}54d, @hbidn Hectd _s@cql%lailgvg@gllytléng@n %ﬁQﬂmgg?eg%{'hesh% FeR¥ster or

through the equali zer. e regul ar
tr 1 SSL.on Lns, automatic synthesis.of t LMS,. .
e A A B B P S T DB b ez s

durjng .a,trainin riod. This erally.involves th

e AR L A M S S Ssafeﬁaf?-o%@en the
During the 20 training period, a known signal is

t rla¥iS $plupiap degscrohcany mies e Riesame yelpdeross by dirgremsthgdal i s
generated in the receiver to acquire informati on about

t he chdhersl becshen ten that eieds a ndedelor ar afiparatuy fof presidingsdynamic
consi st of periodic isolated pulses or a continuous
semualeeopiirhizatéion. Page 6 broad, uni form spectrum such as

a wdely known maxi mum | ength shift register or
pseudo- noi se sequence. However, the convergence speed

for the LMS equalizer is relatively |low, and bandw dth
wi Il be consuned for the training sequence. Further,

the M LM solution does not converge to the sane
solution as the direct nmethod. 5 It can be seen then

that there is a need for an apparatus for providing
dynam c
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equal i zer optim zation. Page 7 SUMVARY OF THE | NVENTI ON
To overcone the limtations in the prior art described
above, and to overcone other limtations that wll
become apparent upon readi ng and understandi ng the
present specification, the present invention discloses
an apparatus for providing dynamc 5 equali zer
opti m zation. The present invention solves the
above-descri bed probl ens by providing equalizer
coefficient updates that converge towards the sane
solution as the direct nethod without having to first

wite a known pattersuNOARNe Ofi SKE (UVERUONI ng any
prior know edge of the data already witten on the

di sk. Thgoadantd fﬁ@ LERQIAG ik %ﬁ:‘rlo‘? Qﬁ BY:iD& Bl S&d d 8vercome

nodify only a DFIR tap set, and k paraneters

?E?ﬂepl@tﬁﬁpgﬁltﬂg%ﬁhlz%ogh ap;ga?e qgg%)(rf %:g(? g%erf ﬁtpnziet nf:lﬁlgtthe present
cosl.n as

u # orithm su LNVS
o gt Rent PagtGertia ‘?’bdﬁ'aa?%ﬁ S TOLP Y e dyrimic
nodi fj.ed by t he cosine algorlthn1 A read channel in
actOPUER CRURIZEHCY he principl es of the present invention
i ncludes an 15 equalizer configured to equalize a
di gi t al TReRipRENt ingengionvolues the el veserribep protileoscbysirgriding
and a Viterbi detector capable of receiving the
eemikiizee dogfBpendpdatds hapoabe ganavacdsithesanenglutive as the direct
reproduced signals into a digital output signa
i noethad mtbowtthadiag @ Stsoweick Dimoavnrpaterhds thg digkbrtéquiring any prior
wherein the equalizer is inplenented using a
c ogfoii€ige f thHe@iatarilRgdyol-figdh dn th@alsk. The adaptive cosine function may be

used to modify only a DFIR tap set, only the j and k parameters of a cosine equalizer or
to modify both the tap set for a DFIR filter and the j and k parameters of the cosine
equalizer. Another algorithm, such as the LMS algorithm, may be used to modify
parameters not modified by the cosine algorithm.

A read channel in accordance with the principles of the present invention includes an
equalizer configured to equalize a digital signal to provide equalized reproduced signals and
a Viterbi detector capable of receiving the equalized reproduced signals and converting the
reproduced signals into a digital output signal indicative of data stored on a recording
medium, wherein the equalizer is implemented using a coefficient learning circuit that
adaptively updates coefficients for the equalizer based upon a cosine function.

In another embodiment of the present invention, a waveform equalizer is provided.
The waveform equalizer includes a delay element that delays a propagation of the
reproduced signal, a plurality of multipliers that multiply predetermined coefficients by the
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adaptively updates coefficients for the equalizer based
upon a cosine function. 20 In another enbodi nent of the
present invention, a waveform equalizer is provided.
The waveform equal i zer includes a delay el enent that

del ays a propagation of the reproduced signal, a
plurality of multipliers that nmultiply predeterm ned
coefficients by the Page 9 reproduction signal and the
del ayed signal fromthe delay elenent, a coefficient
learning circuit that adaptively updates the
predeterm ned coefficients for each of the plurality of

Mutepiodlidth Sighichnd therldthed dibal fragdise uyRIHnTent, @B fibient learning
plurality of multipliers, wherein the coeffi ci ent

| eﬁfc'illtrﬂglt GdapGl} uﬁ’d%l?e@ttﬂ \rﬁédéteﬁﬂﬁi@(ﬁ B8 fof LRRLBHE ?[urality of

the equalizer based upo cosi ne function.

a”r%i?@herﬁ HJ&PQ{ z{r‘flg&tthﬁfad&sfb \}RI dsefgp%]ﬁhh gih‘fﬁﬂ#af’[ﬂmughe% gévrf'ne:rem the

proce si ng sys Cess
udes . meno r ﬁoruw dMa t her ei

or 5 écé%‘PE"a%‘brlfpﬁ“é&“ PPt s poet it el 48 s
d| i tal nal to provide equallzed r epr oduced

i OHEF 'wF processor adaptively updates coefficients
for the equalizer based 10 upon a cosine function. In
anot herIn@pesber anbedirgnt efifbe preseskigventian.armignehprogessiagysystencis
storage device is provided. The magnetic storage
derrpeided. nidiestmel moseagmptystemsnabudeg eremedi fonstbong dagctheinrgd a
data thereon, a notor for noving the magnetic storage

ne;niomsv,or,a:oh@lad:ltoftbe medad fog equatizingss idigitaigsighat @ pesvidedrualized
magneti c storage nmedi um an actuator for positioning

t hepleadd sighalt,itveprbéessor adaptively updates coefficients for the equalizer based
upon a cosine function.

In another embodiment of the present invention, a magnetic storage device is
provided. The magnetic storage device includes a magnetic storage medium for recording
data thereon, a motor for moving the magnetic storage medium, a head for reading and
writing data on the magnetic storage medium, an actuator for positioning the head relative to
the magnetic storage medium and a data channel for processing encoded signals on the
magnetic storage medium, the data channel comprising an equalizer configured to equalize a
digital signal to provide equalized reproduced signals and a Viterbi detector capable of
receiving the equalized reproduced signals and converting the reproduced signals into a
digital output signal indicative of data stored on a recording medium; wherein the equalizer
is implemented using a coefficient leaming circuit that adaptively updates coefficients for

the equalizer based upon a cosine function.
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15 the magnetic storage nedi um and a data channel for
processi ng encoded signals on the nmagnetic storage
medi um the data channel conprising an equali zer
configured to equalize a digital signal to provide
equal i zed reproduced signals and a Viterbi detector
capabl e of receiving the equalized reproduced signals
and converting the reproduced signals into a digital
out put signal indicative of data stored on a recording
medi um wherein the equalizer 20 is inplenmented using a
coefficient learning circuit that adaptively updates

coef fi Cincibhed @fibodinh@t StHAbeZBl inDARRH, MBAB Rad@3hMis provided.
function. Page 9 In another enbodi nent of the present

i Rtd282ha 1 | Sdi i | :Jr . 1
' ETE@E}E ARharRBOhNEdes HRGL fﬁp&fﬂﬁlﬂ rr% asdlpﬁaq\éfggzlﬁg? pro ﬁglﬁ%l%ig?gd

channel includes neans for ‘equald zifig a al

to Lae. | epr ed signal s .and ans.

colTBl bt A A e SR ey o e e Pt e
equalgzgd rgfro uce? signals.a d con ertigg the

r el BATFE ST GRAT S Y SV ar g i Rty Sighals i digital output
indic?tive.of data stored on_a recordi ng nedi um S
whalgnal mdicativepfdata siogid aaguatordinggediam, Mheriatkaneans farieapalizing is
means for adaptively updating coefficients for the
nelpdemeteddi g meansgr aqansedy updatingcoeBwiants fhuthe tieans. fod equalizing
anot her enbodi nent of the present invention, another
wabesébuponagusing fuections  provi ded. This wavef orm

equal i zer includes neans for del aying propagati on of a

10 r epriaductdet esibgdialent dfelRSede invaatibh, Rhyth&idvaveform equalizer is
predeterm ned coefficients by the reproduced signa

angtovided. driay @ fdingqadliztl iRéTuded theARADS dd18in HiSthPshiléh of a
means for adaptively updating the predeterm ned

?gt‘réﬁrg)gfg%eﬁ giggabl{ lgﬁatng st i B@ASing Pleddibthlihdd bEfRicAR Yy HRABSoduced
signal and the delayed signal from the means for delaying, means for adaptively updating
the predetermined coefficients for the means for multiplying and means for adding outputs
from the means for multiplying, wherein the means for adaptively updating the
predetermined coefficients updates the predetermined coefficients based upon a cosine
function.

These and various other advantages and features of novelty which characterize the
invention are pointed out with particularity in the claims annexed hereto and form a part
hereof. However, for a better understanding of the invention, its advantages, and the objects
obtained by its use, reference should be made to the drawings which form a further part

hereof, and to accompanying descriptive matter, in which there are illustrated and described

specific examples of an apparatus in accordance with the invention.

Page 10



L%

10

fromthe nmeans for nultiplying, wherein the nmeans for
adaptively updating the predeterm ned coefficients
updat es the predetern ned coefficients based upon a
cosine 15 function. These and various ot her advantages
and features of novelty which characterize the
invention are pointed out with particularity in the

cl ai ms annexed hereto and forma part hereof. However,
for a better understanding of the invention, its

advant ages, and the objects obtained by its use,
reference should be nmade to the drawi ngs which form a

further part 20 BRIGOhEsEREHONGEATRABKAIdSSC | PLive
matter, in which ere ri bed

R e T
DRAW NGS Referring now to the drawings in which |ike
r e?%eéﬁwlqﬁﬁ?ﬁéf@g?%f’%sent correspondi ng parts

throughout; Fig. |I illustrates a storage system
accor di g 1 Blusfatenbyerage pstest aqcpling tegasmbodimenyefithe present
Fig. 2 is a block diagramof a magnetic disk drive
deVive®iodgcordi ng to an enbodi nent of the present
invention; Fig. 3 is a block diagramof a read/wite
channel Figi 2 swi ttoddf didgrgm o2 afaghetengddkodrdre detive acletding oo
10 Fig. 4 illustrates an equalizer according to an
endnkhdieadt odthetgeesepr iasaition;
Fig. 3 is a block diagram of a read/write channel circuit of Fig. 2 that employs
PRML detection;
Fig. 4 itlustrates an equalizer according to an embodiment of the present
invention;
Fig. 5 is a functional block diagram showing the signals at each step of an
equalizer according to an embodiment of the present invention;
Fig. 6 illustrates a block diagram of a system for updating the tap weights
according to an embodiment of the present invention;
Fig. 7 1s a diagram showing the k cosine function according to an embodiment of
the present invention;
Fig. 8 is a diagram showing the j, k cosine function according to an embodiment
of the present invention;

Fig. 9 is a functional block diagram showing the signals at each step of an

equalizer according to an embodiment of the present invention,
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invention; Fig. 5 is a functional block diagram show ng
the signals at each step of an equalizer according to
an enbodi nent of the present invention; Fig. 6
Illustrates a bl ock diagram of a system for updating
the tap weights 15 according to an enbodi nent of the
present invention; Fig. 7 is a diagramshow ng the k
cosine function according to an enbodi nent of the
present invention; Fig. 8 Is a diagramshowing the j, k
cosine function according to an enbodi nent of the
present invention; 20 Fig. 9 is a functional block

di agram.s i, he signal s .at .eac tep .of an,. .
caual § 2E Slialeng iR sl it fisrorReefRbzupcording to the
invention; Page 11 Fig. 10 illustrates a chart of the

f UNEIDRYEHISR t he cosine equal i zer according to the
present_invention; Fig. | | illustrates the magnitude
and phddg igrilgwatss dipanagmtughendidhesmgrapted agam@tqg@n@wahmd
the cosine equalizer having the j paranmeter set to zero
acltadngygot e agsincbeqatied havng thef) padamefer egeémterd nvanding g an
and Fig. 12 Illustrates the magnitude and phase graphed
agannsliméref the praatitdeekntibs;@gdiency for the cosine
equal i zer having the k paraneter set to zero according

to an Eabodimeates @fe hiiRISSRIPhatd V8 @Bainst the normalized
frequency for the cosine equalizer having the k parameter set to zero according to an

embodiment of the present invention.
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Pap 12 DETAI LED DESCRI PTI ON OF THE I NVENTION I n the
follow ng description of the enbodi nents, reference is
made to the acconpanying drawings that forma part
hereof, and in which is shown by way of illustration
t he specific enbodinents in which the invention may be
practiced. It Is to be 5 understood that other

enbodi ments may be utilized because structural changes
may be made wi thout departing fromthe scope of the
present invention. The present invention provides an
apparatus for providing dynam c equali zer

oLz on. BRSRLEPISCRATASE PP dRfnaaNe | 2o
o 1o SRR Al R B KX

prior know edge. of th dat a al ready MW|tten on the

di womﬁw*%‘f{gvlf\&é b s Aa Gobriinhay WhIEh isdigwingy way of

modi fy only a DEIR tap set, onl the j and K

paiapEation éheo@eaf & e@bﬂfgn@q@am wb@?/n thyy invention aialypetpoadticechelt is to be
tap set for a DFIR filter and the' and k paraneters of

t hendetstiodehas gthet £rbodimants triegrbe aititoed tebanse smeduralschizhges may be
LMS al gorithm may be used to nodify paranmeters not

nmodade eihdoy degaetingaSim eheadcges oftthapreddpt Iiventioh. 11 1 ustrates

a storage system 100 according to an enbodi nent of the

pr esentThel piysht inGdhtioh Prdvidks ad ap rﬁtﬁ%§§%@ﬁfng@ﬂnah§c equa[izer
under control of an actuator 0. The actuator 12

C O iikatiohn Q’h@ gx%bérit AeRfiord wﬁésa&[%gh‘&? Eodrfidibht u gﬁﬁes that converge

transducer wites an data on nagnet

necgbvgrd}% sa%‘%%olﬁﬁ@tﬁéﬁ’f Ehﬁe&'ngzﬁ%ldswlﬂ{o%t P %(e)tg i v@nt? ABown

channel ) S|gna processor system cont

1o ! rb%tt@l%ttgﬁ c{lsklc?r ulrm arln%fcpensosr So&fllg g€ quge da?a e(i)lready written on the

15

disk. The adaptive cosine function may be used to modify only a DFIR tap set, only the j
and k parameters of a cosine equalizer or to modify both the tap set for a DFIR filter and
the j and k parameters of the cosine equalizer. Another algorithm, such as the LMS
algorithm, may be used to modify parameters not modified by the cosine algorithm.

Fig. | illustrates a storage system 100 according to an embodiment of the present
invention. In Fig. |, a transducer 110 is under control of an actuator 120. The actuator
120 controls the position of the transducer 110. The transducer 110 writes and reads data
on magnetic media 130. The read/write signals are passed to a data channel 140. A
signal processor system 150 controls the actuator 120 and processes the signals of the
data channel 140. In addition, a media translator 160 is controlled by the signal processor
system 150 to cause the magnetic media 130 to move relative to the transducer 110.
Nevertheless, the present invention is not meant to be limited to a particular type of
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20 data channel 140. In addition, a nedia translator
160 is controlled by the signal processor system 150
to cause the magnetic nedia 130 to nove relative to the
transducer | 10. Nevertheless, the present invention
is not neant to be limted to a particular type of Page
[3 storage system 100 or to the type of nedia 130 used
in the storage system 100. Fig. 2 is a bl ock diagram of
a magnetic disk drive device 200 according to an

enbodi nent of the present invention. In Fig. 2, disks
210 are rotated by a spindle notor 234, and heads 212

ar etoR@s kst e0h &t tosh fACESMAia § i f
di sks 21%. Heads 05 2 are ﬁ%uﬂ%g a@ﬁ“%é??%%&%%ﬁﬁéga

Servo ag; : fr - ed bl oc ssenpl

214 to eEks Bio i L2 Ra s SUGRRE e 20l 3P R0 o

ro .voi.ce.coi | ctuator 230 th es bl ock

o SR TR e RERssT o8 h s (k3 aL) eieamategoyeRingle motor
Zlgl{or @; déﬂ? data fromor witing data to a

spett Ak ﬂ%a HGROYHONGAS! it fapey &f cofresnostigs opasef distks A10. Heads
pre-anmplifier 216 pre-anplifies a signal picked up by
heatfsr® MPuBtsd op KeFespynding vy cksms the dkiend fremaindisieiped block
circuit 218 with an anplified signal during a reading
optpenbipd 4 mudisksg 18 Wledkasspbial i4ims aprmesoaiapdirbiags valddeoil
transfers an encoded wite data signal fromthe

r ezutiamTi2B8 thelh anomed blodkr askinibl 2284 bl therds cRihdes boboditibRASK heads
operation, read/wite channel circuit 218 detects a

daliz fptiicading darmfidnt Gracitigdned Rl P¥di e pEtidA & ohR or more of disks
anplifier 216 and decodes the data pul se. Read/write

chamnel circuit 218 transfers the decoded data pul se
to a disk data controller (DDC) 220. Furthernore,

read/ WA be fiHHIEH 16 pre-amplifies a signal picked up by heads 212 and thereby
provides read/write channel circuit 218 with an amplified signal during a reading
operation. During a write operation, pre-amplifier 216 transfers an encoded write data
signal from the read/write channel circuit 218 to heads 212. In a read operation,
read/write channel circuit 218 detects a data pulse from a read signal provided by pre-
amplifier 216 and decodes the data pulse. Read/write channel circuit 218 transfers the
decoded data pulse to a disk data controller (DDC) 220. Furthermore, read/write channel
circuit 218 also decodes write data received from the DDC 220 and provides the decoded
data to pre-amplifier 216.

DDC 220 both writes data received from a host computer (not shown) onto disks

210, through read/write channel circuit 218 and pre-amplifier 216, and transfers read data
from disks 210 to the host computer. DDC 220 also interfaces between the host
computer and a microcontroller 224. A buffer RAM (Random Access Memory) 222
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circuit 218 al so decodes wite data received fromthe
DDC 220 and provides the decoded data to pre-anplifier
216. DDC 220 both wites data received froma host
conmput er (not shown) onto disks 20 210, through

read/ wite channel circuit 218 and pre-amplifier 216,
and transfers read data fromdisks 210 to the host
conmput er. DDC 220 al so interfaces between the host
conmputer and a mcrocontroller 224. A buffer RAM
(Random Access Menory) 222 Page 14 tenporarily stores
data transferred between DDC 220 and the host conputer,

m r i hannel, circuit

21 SRR SoteE s 501 RAEPLE ST ARTE noieh Pl

colaAiB B W LR ShaDr s S8 R prRE ey conteols
Menor. 226 stores control program for .

r niTRS*OCHRS B9 Erek fobuing finstipnsdg reppense isresdand ygjte commands from
val ues. A servo driver 228 generates a driving current

f othe hgyticomagtenct uat or 230 in response to a contro

signal, generated fromm crocontroller 224 that

provi des REdvit(Retd QhlytNiempy3 226 oorend cdme@d rogiszn foFhecrocontroller
driving current is applied to a voice coil of actuator

2314 ActdlicdsonuridBlepogivhivensA Bemddridd 228 gb@drht¥ea Biviflk Sleent for
210 in 10 accordance with the directi on and anpunt of

t herisdiid MitiRGorCa301 @ Pdsp&ddB Rd b BShtiol SBAaE SleM&ated HohEattonfioller 224
spindle notor driver 232 drives spindle notor 234,

Whih &t hr b QHAL Strdl THRe Fokflion drRedfs %@%.d%%i%g airpen?gr%ﬁl%d toa

val ue generated fromm crocontroller 224 or

Covn)ti&eoéolil'o'? gctugt'olsgﬁ). 2Ar§'t9ator 230 positions heads 212 relative to disks 210 in
accordance with the direction and amount of the driving current suppiied from servo
driver 228. A spindle motor driver 232 drives spindle motor 234, which rotates disks 210

b

in accordance with a control value generated from microcontroller 224 for controlling
disks 210.

Fig. 3 is a block diagram of a read/write channel circuit 300 of Fig. 2 that employs
PRML detection. In Fig. 3, the read/write channel circuit 300 includes a physical
recording channel 338 having a read/write means and a recording medium, a write
channel circuit 340 for writing data onto the recording medium, and a read channel
circuit 342 for reading data from the recording medium. Write channel circuit 340 is
composed of an encoder 344, a precoder 346, and a write pre-compensator 348. Read
channel circuit 342 is composed of an automatic gain control (AGC) amplifier 350, a low
pass filter (LPF) 352, an analog-to-digital converter (ADC) 354, an adaptive equalizer
356, a Viterbi detector 358, a gain controller 360, a timing controller 362, and a decoder
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Fig. 3 is a block diagramof a read/wite channe
circuit 300 of Fig, 2 that enploys 15 PRM. detection.
In Fig. 3, the read/wite channel circuit 300 includes
a physical recording channel 338 having a read/wite
means and a recording nedium a wite channel circuit
340 for witing data onto the recording nedium and a
read channel circuit 342 for reading data fromthe
recording medium Wite channel circuit 340 is

conposed of an encoder 344, a precoder 346, and a wite
pre-conpensat or 348. Read 20 channel circuit 342 is

cosposefd @iﬁer@i%eﬂ%#o? ABg H&é'%%%:? m%gzggd‘ f ger{((ﬁé%?hg&ﬁ by f-"iig%).

350, a low pass tilter

anal og-to-digital conyerter .(A 354, an adaptive

equal i zfgrol)gm%géi,en%o f:‘g Beod ”@8?“3‘}“"5@? %5 “Eig'ieﬁ onto the
contrgller 360, a timng controller 362, and a decoder
palgsorfinaduediung i RrefairmiBteotpr Farsuamplel ABLL 4Run Length
maf ched filter (not shown in Fig. 3). In operation,
encGHE) aule, wiivbelede Rpmber efadircent Apras must domainrtietwesn specified
onto the recording nedium into a predeterm ned code.
Fomaggampind, miarmuyn valgRuns ¢amgorily uteidrfot o) predetkeminied code.

whi ch the nunber of adjacent zeros nust remain between

s peewéveedhSpresent myomtamds rbnheamovtal i neised tb RLCOMIMeY coding may
used for this predeterm ned code. However, the present

| nvantd oPrelcwdarad6ERBILdED tdRe ViR PréRsMidn. aNHBebmpensator
coding may be used. Pre-coder 346 is included to

PremaBduced A [P RAURLded risiNY¥ tb& (R Rad @ﬂéﬁt RloweddB because
reduces non-linear influences arising fromthe

r eadf (SI‘ISé of th@ %&gal rtgﬁﬁiéﬁrcg?rﬂgﬁﬁ)lﬁ fot e&Q&Q&%‘?’r&Q@%&?iﬁ%{hésetransfer

the actual recording c n oes not ex
R e e
Automatic gain control (AGC) amplifier 350 amplifies an analog signal read from

the disk. Low pass filter 352 removes high frequency noise from and reshapes the signal
output from AGC amplifier 350. The signal output from low pass filter 352 is converted
into a discrete digital signal by analog-to-digital (A/D) converter 354. The resulting
digital signal is then applied to adaptive equalizer 356, which adaptively controls inter-
symbol interference (ISI) to generate desired waveforms. Viterbi detector 358 receives
the equalized signal output from adaptive equalizer 356 and from it generates encoded
data. Decoder 364 decodes the encoded data output from Viterbi detector 358 to generate
the final read data. At the same time, in order to correct the analog signal envelope and
the digitization sample timing, gain controller 360 controls the gain of AGC amplifier
350 and timing controller 362 controls sample timing for A/D converter 354.

Fig. 4 illustrates an equalizer 400 according to an embodiment of the present
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Automatic gain control (AGC) anplifier 350 anplifies an
anal og signal read from the disk. Low pass filter 352
renoves hi gh frequency noise fromand reshapes the
signal output fromAGC anplifier 3 )50. The signal
output fromlow pass filter 352 is converted into a
discrete digital signal by analog-to-digital (A/ D
converter 354, The resulting 15 digital signal is then
applied to adaptive equal izer 3 ) 56, which adaptively
controls inter- synbol interference (1SI) to generate
desired waveforns. Viterbi detector 358 receives the
eq rzedySi I rQm.: ' allzer a
waldimad 1 Fgnal anQHER gfvn%l ﬁg]éfgﬂm&\é%gﬁﬂg%%tﬁr (axé:élgglg% %i:th each

fromit genefates encode oder

th ed dat utput fromViterb] detector 358 to-
gonef AT e RenE B i Pl i b e Sma 130 o tapped
order.to correct the anal 0og.sjgnal envel ope_and 20 the

di Cgff-t Theteprid Sé%\‘?ﬁl”éaytl?erﬂ’ﬂ@?““dia bysalerisd Featligems 440. The
controls the gain of AGC anplifier 350 and tim ng

c IR tapredepenalsfoP aresthemagsied 460 toi prgvifloan avtpitdidhver t er

354. Fig. 4 illustrates an equalizer 400 according to

an enbddgrfeint fwictivhal bieskaligranp shoRdgethe Gignaly endaicb step bfian

Fig. 4, an input signal 4 10 is fed into a shift

r eguglizer 5@l accuidingko ba embbdimeaactithe Prebddt BIERRSS I Bigl BPHE written
to the shift register, the values of the nenory

el et are4d0c de@cib@RPPS D, af frovidbiPatladRBAE. MR AainTB¥cDBie bits
mul tiplied 430 by selected coefficients 440. The

I EEdih b iré&r&i@ﬂ@@ta,%g%@n%Ie"'é?gchaiggicélh‘?ﬂW'ﬁg gl%gué%odigﬁéecsgonse, Le.,

provi de an out put 47 s a functiona

diRQLIRHPAY MPedten FkIPALR o‘ﬂ’)p[?o%ﬁ@ pShER, QherBlk 2 logical “0”

produces no output at all. In Fig. 5, he 512 represents the system dibit response. Thus, si
514 is the noiseless read back signal. The noiseless read back signal, si 514, is combined
with the noise corrupting read back signal, ny 520, resulting in a noisy read back signal,
Xk 530. The noisy read back signal, x 530, is adjusted by DFIR filter tap weights, wy 540,
to produce a noisy equalized read back signal, v, 550. A desired noiseless signal, di 570,
which is derived from the written bits that are to be detected, a, 510, and the target
response, tk 560, e.g., (t,tk.1,t-2)=(1,0,-1) for PR4. The difference between the noisy
equalized read back signal, y, 550, and the desired noiseless signal, dy 570, is an error
signal, e, 580, given by yy-dy.
The DFIR filter tap weights, wy 540, are updated according to an update
algorithm given by wi=wi-g*f(a.i)*ex, where g is the update attenuation gain and f() is a
function, which is described herein below. As described earlier, a direct method for

determining the DFIR filter tap weights 540 is to write a known pattern to the disk, read
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equal i zer 500 according to an enbodi nent of the present
invention. In Fig. 5 the witten bits that are to be
detected, ak 5 10, are provided at an input. Wen
readi ng back- the bits froma recording nedia, for
exanpl e, each logical " I " w H produce a dibit
response, i.e., two overlapping Lorentzian-1like pul ses
of opposite polarity, whereas a logical "0" 10 produces
no output at all. In Fig. 5 hk 512 represents the
systemdi bit response. Thus, Sk 514 is the noisel ess
read back signal. The noisel ess read back signal, S

k
5 1the phtsert O, BEBnvIvS Butthewnai i &
s!gﬁgl, nk 520,_Pésultwﬁg wlnrgﬁﬁgﬁggqﬁggg&gggﬁgg?%ﬁépgand
XI the@@@ect%{%@lﬂ@: ?ﬂgr%é?t{[t?rg.rpsygt@&lﬂ)f%bgﬂ@és f@hqge%g?lizle{s fgp weights 540.

adj ust ed tap we

pr ' | ized read back signgl, Yk 550, A

Goatty BBt LA ERE 08 BN B R, Morinpically te s
fr the itten bits that are to be detected, ak 5 10,
rSBER Wit Pedbiue et BagS uerior srgekng loe DFIR et tap

JKk- 2 1,C)-Ié for PR4. The difference between the noisy
eqVRIBHE &30 r b 1PYR rauligerathe eyralgsufiltersae fibientd et aheskn fo

noi sel ess signal, dk 570, is an error signal, ek 580,
giTVBHNIBG thermetin sThare BREPRI.€.i the evmtodpqueedsgiink theil] 4@s pAk ehe noise

updat ed according to an update 20 al gorithm gi ven by

Wpewer @rthé pathut oftiekgqualiver eHowe:rf the compdaesceapb@nfsntieaMs
gain and fo is a function, which is described herein

behuaiize\s releswly bed aedbdddesdth & be e6dsuned ARehd ®fining sequence.
determining the DFIR filter tap weights 540 is to Wwite

a FarthechipdINIS kMlutiéh 848 ndli Hverk€ afhBage s"oTuttdﬂglg R di ﬂrgethod.

C
back, deconvolve out the witien pattern to obtain t

ot om o ey R b E S PO KPublfinl Ry of
the DFIR filter according to an embodiment of the present invention. In Fig. 6, existing
DFIR tap weights 610 are applied to a cosine equalizer 620 having predetermined
parameters to provide new DFIR tap weights 630. The parameters will be discussed
below.

The cosine equalizer 620 is advantageous when a reasonable set of starting DFIR
taps already exist (obtained, for example, in manufacturing) and only some amount of
tuning is needed, e.g., to compensate for fly height variation, temperature variation, etc.
The cosine equalizer 620 is beneficial not only for adaptively changing equalizer taps to
improve overall error rate, but also as a fast data recovery procedure. The cosine
equalizer 630 converges towards the same solution as the direct method described above
without having to first write a known pattern to the disk or requiring any prior knowledge

of the data already written on the disk.
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Thi s approach requires first witing a known pattern to

the disk. Mire typically, the LMs algorithm which is

given by W=W-g*Xk-i*ek, |Is used for updating the DFIR

filter tap 5 weights 540. In an LMS equalizer, the

equalizer filter coefficients are chosen to mnimze

the nmean square error, i.e., the sumof squares of al

the I'SI terns plus the noise power at the output of

t he equalizer. However, the convergence speed for the

LMS equalizer is relatively Iow, and bandwidth wll be

consuned for the training sequence. Further, the LM

solutio r me .sol ution a

i ect *f‘hedﬁgﬁﬂe@ff&a'%%@%g% bt BR8P P ST b
sl em 60 for n ht of the DFIR

i Pl gy ?‘8?1%?&3 Sir Blgih mhRRass o B peogaynd advaniage in

i nventi ting. DFIR melghts 610

ar €73Hb ‘i?qt%ﬁ"?"(?r%“%gi’%e éé’(ﬁ‘ﬁfé?“r b rexwde {4 Wigtten at a cold

predetern1ned paraneters to provide new DFIR tap

welcgReERUES oW Priag pradbael eadiopfeniperseurdi Shueffrstive bietlansity as seen

15 The cosine equalizer 620 is advantageous when a

r ek bnatideharuel dfangesaotsidgatidF iR totthpenpkraaaed ywiaxitsireby affecting

(obtai ned, for exanple, in manufacturing) and only sone

ambedquakd oftinmim gqusizaaes eding. Theselcharpeipens@hRtiENRy taken into

fly height variation, tenperature variation, etc. he

C Osic Bt @EIheRVir gZ@ al €o#fihrh ShAt @p&thies HidctiP h tlQi'Herolf Ring recovered.
adaptively changing equalizer taps to inprove overal

erTiire W@ be QHat éilfﬁ&nl@% QttJn?;ﬁﬁgQ@HﬁnI'CQH@%ﬁ[eyte@E&tﬁﬁlgéJfo?'each

The cosine 20 equali zér cdonver ges towar

o ERch ShL LAk BPub (R hrq'ffr%‘}hﬁgﬁwg\ﬁﬁﬁ OF PROAPONS pattern.

W t hout rst nown

g: fgang %w%qi%“ reharéona?%) gr:ws(lnr% tl1(1Q gvc\:'{osequgﬁmct?gn E}cgcaet'dgl%tt()a an
embodiment of the present invention. The cosine equalizer diagram 700 of Fig. 7
includes a single parameter, k, for adjusting the magnitude response. In Fig. 7, the cosine
equalizer is represented by k 710, 1 720, k 730, wherein k is the k is the cosine equalizer
parameter. Accordingly, if a 4-tap DFIR is provided with existing taps: wy, wj, w3, wa,
then the DFIR tap weights for the cosine equalizer 700 are given by w+kw,,
kw +wotkws, kwo+witkw,, kws+w,. Truncation is used because when you start with N
taps, the convolution using the k parameters yield N+2 taps, and thus the final result is
truncated back to N taps by dropping the first and last two values.

Fig. 8 is a diagram 800 showing the j, k cosine function according to another

embodiment of the present invention. The cosine equalizer diagram 800 of Fig. 8
includes a parameter, k, for adjusting the magnitude response and a parameter, |, for

adjusting the phase response. In Fig. 8, the cosine equalizer is represented by j 802, +k
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Page |Is The cosine equalizer 630 can be used to read
back what ever unknown existing Custoner data happens
to be on the disk. This turns out to be a profound
advantage in certain data recovery situations.

Consi der, for exanple, data witten at a cold

t enperature now being read back at a hot tenperature.
The effective bit density as seen 5 by the read
channel changes consi derably due to the tenperature
swing thereby affecting the required optimum equali zer
tap settings. These changes are automatical ly taken

| gy, 1639290%%9 r} V&/Hegcsmr]( al ; g%lg hrgé)'éirllléa%%o égr\?ﬁtﬁf‘e}snaetgefor

directly on sect or being

dlff cult in attenpti tommc the wite
g ﬁ‘ﬁ‘ésr“é‘ *}e mpggytud %Eeﬁpo‘esg%r SINE EizSH paragentsrifpmadjusting the
flrst requiri the witing of a known data pattern. 10
Fi Bhaseresponge. dfa@%{mﬂmeseérbswus@wﬁbm w5 ik N aps theonvolution
according to an enbodi ment of the present invention.
ThesitghdE hek Ragamgters gieldiNag tapn apdohusfthdfigal cBultiinchneded back to N
singl e paraneter, k, for adjusting the nmagnitude
r etspobiséropping Eieg]rsthndtldme teosilos. equal izer is
represented by k 710, 1 720, k 730, wherein k is the k

i s the lgsiise fegidhil2zfsck Qiadr@ABh®Ying MG rHisn@ babh s'tf,f & an
4-tap DFIR is provided with existing taps: w, f

W3squitHizer 360 AdRBRAIINNS aQ%hBoEﬁ‘t&nW@f tﬁ@bl%sérﬁ;’ 'In\fel?t@(ﬁf? 0[?5'1:"}63_ 9, the written
equal i zer 700 are given by w +

KW\t 2o bg\@@ﬁ'é%d W@‘-‘a@é b{%@tdka\’ all“!asl‘:qg lR e%@}%n rﬁa be}{:glflhe bits

start with N taps, fRhe ‘convol uti on us

d us..t,he f| ult is
DR rEoRy] %%ﬁeg“a“ﬁgfé%ﬁﬁ% oA oblIH 07 bt & St e
m 800 shawi ng the |,

t
c:\c/)%ézlio\ré}g%;xl WRing one"a%l@%?éf’ %IS? grfaﬁB‘i’SH%lpogmv wiiereas a °°‘°a’ 0"

produces no output at all. In Fig. 9, hx 912 represents the system dibit response. Thus, s,
914 is the noiseless read back signal. The noiseless read back signal, s 914, is combined
with the noise corrupting read back signal, n, 920, resulting in a noisy read back signal,
Xk 930. The noisy read back signal, x 930, is adjusted by DFIR filter 932 and cosine
equalizer 940. The cosine equalizer 940 produces the noisy equalized read back signal,
¥k 950. A desired noiseless signal, d 970 is derived from the written bits that are to be
detected, ay 910, and the target response, ti 960. Again, the difference between the noisy
equalized read back signal, y, 950, and the desired noiseless signal, di 970, is an error
signal, e 980, given by yi-dy. However, the tap weights of the DFIR filter 932 and/or the
tap weights of the cosine equalizer 940 are updated using the error signal, e, 980 and the
cosine algorithm.

For example, the adaptive cosine function may be used to modify only a DFIR tap

Page 20



20 enbodi ment of the present invention. The cosine
equal i zer diagram 800 of Fig. 8 includes a paraneter,
k, for adjusting the magnitudc response and a
parameter, j, for adjusting the phase response. In
Fig. 8, the cosine equalizer is represented by j 802,
+k Page 19 810, 1 820, +k 830, J 840, wherein k is the
k is the cosine equalizer paranmeter for adjusting the
magni tude response and j is the cosine equalizer
paranmeter for adjusting the phase response. Truncation
i s used because when you start with N taps, the

co ti I the j., r ters yield N+4 ta )
and Ers AR Tl Sihies PSRRI i iRy ane
by Adr ing the.fi d last two values, Fig. 9 is a
fu nfgﬁ t‘ﬁg E%ﬁ"geo‘?q&glkzea P‘gotg r’gﬂn’?rgﬂﬁ’ Ynthepiaplar gesinesiugetiongpay be used to
ste q& a equal i zer 900 according to an enbodi nent of

é'E)%‘ §é‘pﬁ the st paspmetess of thy, cosine eqalivgr; Asaoveynasher algorithm,
that are to be detected, ak 9 10, are provided at an
i nputh aspiehMBeadgrirityn baekbe kred i medifif the mapeset for dredDRIR filter 932.
nmedi a, for exanple, each logical "I " will produce a

5 di ttill furtlsnahs edaptivecasine KOndrion may ek lusgaib Mgbdify both the tap set for the

10

15

Lorentzi an-1i ke pul ses of opposite polarity, whereas a

| 0 @IRIRIfilteD93 unddbie Rt dnCpatahfiets othe @bdine duafiied 948, hk
912 represents the systemdi bit response. Thus, Sk 914

I's the DRIng®hBSthe pAadeRALK nidNRL the DAl ? .
back signg%, 2?:354’ s conbiﬁgd°aﬁtkﬁ?@géﬁ%ﬁgéatﬁggp“@%hm

CoS IO leRf2RckorhanGonl S5 R AR B v o

588k 0 5 A L 2 8 compre

e R e T

wr iretpia%g X[l?.gi \}.ri%h %(Qk?)t. [%\Sevteg a? gescribed above, a parameter, j, may be included for
modifying the phase also.

Fig. 10 illustrates a chart 1000 of the functions, f() 1010, for the cosine equalizer
according to the present invention. Fig. 10 shows a description of the functions 1020 and
the functions 1010. According to Fig. 10, f{ax) could be chosen to be a.i-ax.2 1050,
which has ay.j convolved with PR4 response 1052. Alternatively, f(a.) could be chosen
to be equal to ag + ax.i - 8.2 - ag.i.3 1060, wherein ay; is convolved with the EPR4
response 1062. Still further, f{ax.;) could be chosen to be equal to agite 1070, wherein a.;
is convolved with ty 1072 or chosen to be a; hy 1080, wherein ay; is convolved with hy
1082.

For each of these embodiments discussed above, the tap update algorithm for

modifying the magnitude response is k = k-g*(f(ax+1 )+ a1 ))*ex. For example, when

Page 21



10

20

detected, ak 910, and the target response, tk 960.
Again, the difference between the noisy equalized read
back signal, Yk 950, and the desired noisel ess signal,
dk 970, is an error signal, ek 980, given by Yk-dk.
However, the tap weights of the DFIR filter 932 and/or
the 20 tap weights of the cosine equalizer 940 are
updat ed using the error signal, ek 980 and the cosine
al gorithm For exanple, the adaptive cosine function
may be used to nodify only a DFIR tap Page 20 set 932.
Anot her al gorithm Such as the LMS algorithm may be

us g@, )t8.-49di dsy & iARd cdse 5:Qhe PR re%géris@q 0?.9, glﬁé L&égtre ggé"gmes

Alternatively, the adaptive cosin uncti uséd

t i Ly, t ' t f th ' .

TR 50 M A BSR40, L ST 0 o
L ' t di f he t t f

CUB Bt M Bl B D L S22 10

cosine functjon may be used to nodify both the tap set

of(a‘t) ﬁeak"tblgéilg’ QF’I”IPQ?W S%@“&ﬁ& T Fr&* (acaled Hecplar afiet Vkenofay) = aihy
the_cosine equalizer 940. Using only the paraneter for

mo 1 %0y thegipeiae berages kudle ¢f @spomseac. hie) teap Aneirdingly, ond skilled in
the DFIR filter 932 are updated according to
wi thgjactwitl redoghize Kiat thher jgringipiles thdyebetpaiaided torothet types of filters, such
attenuation gain and fo is based on the sel ected cosine
f ursdt PBA filtetsus, when conpared 10 to the LMs al gorithm
the cosine equalizer provides a nodified tap update

equat i afilsb dor xhlod G edbolinntsiidc@ded labove MM EIpda@Silgorithm for
descri bed above, a paraneter, j, may be included for
moelbdiyyiAgihk pRaBPBnR!iS P= j-g* (flar)+fa2))*er. For example, when
f(a)=ak . ax-2 1050 as is the case for the PR4 response 1052, the update becomes
] = j-8*(akea-axtay 2-ag.4)*ey. Thé } updates for a,; convolved with EPR4 response, for ag;
convolved with t, (the target response) and for a; convolved with hy (the dibit response),
etc., may also be derived in the same fashion.

The coefficient update loop according to an embodiment of the present invention
uses the cosine algorithm. The frequency response for an ideal cosine al gorithm
comprises a cosine function at low frequencies, and total attenuation at high frequencies.
However, the present invention is not meant to be limited strictly to the cosine al gorithm
for updating tap coefficients. An adaptive filter according to another embodiment of the
present invention may be implemented using a raised cosine algorithm. The frequency
response for an ideal raised cosine algorithm comprises unity gain at low frequencies, a
raised cosine function in the middie, and total attenuation at high frequencies. The width

of the middle frequencies are defined by the roll off factor constant Alpha, ., wherein
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Fig. 10 illustrates a chart 1000 of the functions, fo
10 10, for the cosine equalizer according to the
present invention. Fig. 10 shows a description of the
functions 1020 and 15 the functions 10 10. According
to Fig. 10, f(ak-i) could be chosen to be ak-i-ak-1-2
1050, which has ak-i convolved with PR4 response 1052.
Al ternatively, f(ak-i) could be chosen to be equal to
ak-i + ak-i-1 - ak-i-2 - ak-j-3 1060, wherein ak-i is
convolved with the EPR4 response 1062. Still further,
f(ak-i) could be chosen to be equal to ak-itk 1070,
whekgin ak-i  is convolved with tk 1072 or chosen to be
ak-i hk 1080, wherein aj,-i is convolved with hk 20

1082. F - h mbaodi S di d above,, .

100, o P Sl B 5 o8 e i
ig. k = k-g*(f(ak, j)+f(ak-]))*ek- For, | e,

ROt A AR S T g o

PR &iagsnse 1052, the update becones k =

k- g‘e( jat HW_@?M@ PANRENLIEGUERYY, 1.8, BdbiBkyrcopattirn; Thisgloperty can
_i - ak_;_z - ak_i_3 1060 as is the case for the EPR4

r eBpERRAstanigigpmainfrsning tatietegréiy offesidg andlgait eadvedy bopk -

ak_3 - ak_4)*ek. When f(ak) = ak.;tk 1070, the update
beconesFig. H #lugtatakhs mkgditutie ak00 dnd phade 116K .graphedadai@k ihe

= ak_;hk 5 1080, the update becones k = k-g* ak+i hk+l  +

akndrivalited) fréq@kncyAoCtae dbsil aqualoRehSkad 8§l phmeteP€18Y &t (o zero
will recognize that these principles my be extended to

Ot fRbrdinge 3n @MmbbdlitdeRf $ihSptellnt AefRRR4 filters. Al so,
for each of the enbodinen%g 3iscassgd above, the tap

updal & @Oy LA e niRILEY L £05HRRA9S0 LERRONSRI: ol
normalized frequency for the cosine equalizer having the k parameter 1230 set to zero
according to an embodiment of the present invention.

The process illustrated with reference to Figs. 1-12 may be tangibly embodied in a
computer-readable medium or carrier, e.g. one or more of the fixed and/or removable
data storage devices 188 illustrated in Fig. 1, or other data storage or data
communications devices. The computer program 190 may be loaded into memory 170 to
configure the processor 172 for execution of the computer program 190. The computer
program 190 include instructions which, when read and executed by a processor 172 of
Fig. 1, causes the devices to perform the steps necessary to execute the steps or elements
of an embodiment of the present invention.

The foregoing description of the exemplary embodiment of the invention has been
presented for the purposes of illustration and description. It is not intended to be

exhaustive or to limit the invention to the precise form disclosed. Many modifications
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10 f(ak)=ak _ ak_2 1050 as is the case for the PR4
response 1052, the update becones | =

j - g*(ak+2-ak+ak-2-ak4)*ek. The j updates for ak_;

convol ved with EPR4 response, for ak_; convolved with
tk (the target response) and for ak_; convolved with hk
(the dibit response), etc., may al so be derived in the
same fashion. The coefficient update | oop according to
an enbodi nent of the present invention 15 uses the
cosine algorithm The frequency response for an idea
cosine algorithm conprises a cosine function at | ow

f r eqdiemtitiens arapdssisdé &l light bemeabdRNeRhind] &hs [&RLERGE B scope of
However, the present invention is not neant to be

|| Mid iaderiioh b6 linified flot it GASAABLBREPEGN for updating
tap coefficients. An adaptive filter according to

anot her enbodi nent of the present invention may be

i npl enented using a raised cosine algorithm The
frequency 20 response for an ideal raised cosine

al gorithm conprises unity gain at | ow frequencies, a
rai sed cosine function in the mddle, and total
attenuation at high frequencies. The width of the

m ddl e frequencies are defined by the roll off factor
constant Al pha, a, wherein Page 22 O<oL<l. The cosine
equal i zer according to enbodi nents of the present

i nvention provides nmacnitude adjustnment with |inear
phase w t hout nodifying the gain or phase response of
the DFIR at the preanble pattern frequency, i.e., 0.25T
sync pattern. This property can 5 be inportant for
maintaining the integrity of timng and gain recovery
loops. Fig. I | illustrates the magnitude 1100 and
phase 1150 graphed agai nst the
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normal i zed frequency for the cosine equalizer having
the j paranmeter 1120 set to zero according to an
enbodi ment of the present invention. Fig. 12
illustrates the magni tude 1200 and phase 1250 graphed
agai nst the 10 normal [zed frequency for the cosine
equal i zer having the k paraneter 1230 set to zero
according to an enbodi nent of the present invention.
The process illustrated with reference to Figs. 1- 12
may be tangibly enbodied in a conputer-readabl e nedi um
or carrier, e.g. one or nore of the fixed and/or

r enoMall 16 it a{ED (8:age devices 188 illustrated in Fig.
1, or other data storage or data 15 conmuni cati ons

|devi ces TheaGeRWMLE! am 190 may be | oaded into
menory 170 to confiéﬁﬁéggﬁgﬁgfocessor 172 for

[ . .19Q. Th
2 roor a8l EE P LB Bl P A SRR el reh e st
3exg%H%ﬁg?p¥%g*$%$ essor 172 of Fig. 1, causes the
0

devices the steps necessary to execute the
4Steps or elgngnts of an enbodi ment of the present
i nvent i oN ePpdeiprtorcgpable pivgcaieae theandived feprérbiced signals and
exenpl ary enbodi ment of the invention has been
3 pr eUWRTBE tegeprofieced gigpals éo ofdigital asputaignahindieative of data stored on
description. It is not intended to be exhaustive or to
6 | i #rfeconding medrent i on to the precise formdiscl osed. Many
nodi ficati ons Page 23 and variations are possible in
711 ght okhdrbie tebauslie BaMbRehentdd usinglabeMERH: Feﬁl?ﬁngtd?ﬁuit that
S

scope of the invention be limted not with thi
8 deddaptiedy airiats cpdftioBnts FdRe &fhalizer based upon a cosine function.

| 2. The read channel of claim 1, wherein the coefficient learning circuit
2 adjusts coefficients using a tap coefficient update equation having a first parameter, k, for

3 modifying a magnitude response.

1 3. The read channel of claim 2, wherein the first parameter, k, is adjusted
2 according to k=k-g*(f(aw+ )+ f{aw.1)) *ex, where k is the cosine equalizer parameter for
3 modifying the magnitude response, g is an update attenuation gain, and ey is an error
4 signal based on a difference between a noisy equalized signal and a desired noiseless

5  signal.

1 4. The read channel of claim 2, wherein the coefficient learning circuit

o

adjusts coefficients using a tap coefficient update equation having a second parameter, j,

3 for modifying a phase response.
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WHAT IS CLAIMED IS: 1 1. A read channel, conprising: 2
an equalizer configured to equalize a digital signal to
provi de equalized 3 reproduced signals; and 4 a
Viterbi detector capable of receiving the equalized
reproduced signals and 5 converting the reproduced
signals into a digital output signal indicative of data
stored on 6 a recording nmedium 7 wherein the
equal i zer is inplenented using a coefficient |earning
circuit that 8 adaptively updates coefficients for the
equal i zer based upon a cosine function. 1 2. The read
Lchannel 5of cTe read chanhelr fichith BewkQefthCic8Bld pLARALNY is ad justed
circuit 2 adjusts coefficients using a tap coefficient

2 upaabriiegiedt]-en fRayi+E, M)k, WEreq% Q\T%Bﬁﬁe eﬁxalt%&?haraﬁmete{ for

nodi fyi ng a nagni t ude response rea

cl aloBiYing R Il dj us
’ accor dﬁﬁ% to hsg‘{(}egbelﬁ t;(’ 51('3%3 Lp@% %ﬁ%‘r"x'gﬁ ’ga ej E}" e"t"ﬁ é‘g“al
co amet er for ) _
g R R AR bBAIATE Sl Hlindt T @ﬁﬁa%ssﬁfwe,ss signal
and ek is an error 4 signal based on a difference
bet ween a noi sy equalized signal and a desired

I noi sel e&s Slhsirgmbthandel oThieint &acheediameadoeicidt RhMind circuit
wherein the coefficient learning circuit 2 adjusts

2 comfjfstcioeffictentsisig @tap apeft @Eeﬁtfdpﬁhtﬁ RhudBARLANEY Hﬁfafn‘é{ér for
haV|ng a second paraneter, j, 3 for nodifying a é

3 1 eapdingRg a phase response.

| 7. The read channel of claim 1, wherein the coefficient learning circuit
2 adjusts coefficients, w;, according to wi=wi-g*f{ac_)*er, where g is a provided update

3 attenuation gain and f(a,.;) is based on the cosine function.

i 3. The read channel of claim 7, wherein f(ak-i) is chosen to be ay.j-a..2,
2 wherein written bits that are to be detected, a; , are convolved with a PR4 response

3 based upon the cosine function.

i S. The read channel of claim 7, wherein f(a.) is chosen to be
2 agitai - iz - 4.3, wherein written bits that are to be detected, ay.; , are convolved

3 with the EPR4 response based upon the cosine function.
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Page 25 5. The read channel of claim4, wherein the
second paraneter, j, is adjusted 2 according to |
j-g*(f(ak+2) +f (ak.2))*ek, where j is the cosine
equal i zer paraneter for 3 nodifying the phase response,
g is an update attenuation gain, and ek is an error
signal 4 based on a difference between a noi sy
equal i zed signal and a desired noisel ess signal. 1 6.
The read channel of claim1l, wherein the coefficient
learning circuit 2 adjusts coefficients using a tap
coefficient update equation having a paraneter, j, for

13 nodi f yd.ng ThHhas ehdnBSIRARESM 7lwﬁeretﬁr@krﬁ§‘ghé‘sgﬁm ay qk, wherein
claim 1, wherein the coefficient [earnifg circu

2adjigks bﬁ@ﬁlfaf ér@ kM c?etec‘f@d’ a2 .?Qn%rcgh\ncgvéaowﬁh t bélseid upoy the cosine

MA =w, - g*f (ak_) *ek, where iI's a provide
hﬁ? Hation gain and f(ak i) is based on the cosi ne
nctiron. S. The read channel of claim7, wherein
f(ak_) IS chosen to be ak_;-ak.i_2, 2 wherein witten
bits that are to be detected, ak i , are convolved with
la PR4 rébpon§le: re@ tased ofipaim Thehaoiai fig.)fistittston. bela, Ry, wherein
The read channel of claim7, wherein f(ak_ ) is chosen

1t owbiete biakthit ate akbel delectedad; ; aré coniifved wigh h;}’ﬁh@é@uﬁbn the cosine
witten bits that are to be detected, ak ., , are

jconmelimed 3 with the EPR4A response based upon the
cosine function. Page 26 1 10. The read channel of
claim7, wherein f(ak_,) is chosen to be ak_;tk,
wherein 2 witten bits that are to be detected ak
Lare conlol veld WAvEiRT pawpdiserdhelsamnlizaea wexefaan of 2 reprodiction signal

2 obtained by reproducing marks and non-marks recorded on a recording medium,
3 comprising:
4 a delay element that delays a propagation of the reproduced signal;
5 a plurality of multipliers that multiply predetermined coefficients by the
6  reproduction signal and the delayed signal from the delay element;
7 a coefficient learning circuit that adaptively updates the predetermined
8  coefficients for each of the plurality of mulltipliers; and
9 an adder that adds outputs from the plurality of multipliers;
10 wherein the coefficient learning circuit adaptively updates coefficients for the

11  equalizer based upon a cosine function.

1 13.  The waveform equalizer of claim 12, wherein the coefficient learning
2 circuit adjusts coefficients using a tap coefficient update equation having a first parameter,

3k, for modifying a magnitude response.
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3 function. 1 11. The read channel of claim7, wherein
f(ak_;) is chosen to be ak.;hk, wherein 2 witten bits
that are to be detected, ak_; , are convolved with hk
based upon the cosine 3 function. | 12. A waveform
equal i zer that equalizes a waveform of a reproduction
signal 2 obtained by reproduci ng marks and non- mar ks
recorded on a recording nedium 3 conprising: 4 a del ay
el enent that del ays a propagation of the reproduced
signal; 5 a plurality of multipliers that multiply
predeterm ned coefficients by the 6 reproduction
Isi gnal aad t Mee dabawed cgialiba of blapin b Nendh A fﬁ'!;ﬂﬂi?&l?ﬁéter?k, is
a coefficient learning circuit that adaptively updates
2t hadpsedet@rdhp erk-13. RS/ [ gh,enks G theQbsi i
pl urjgll ity of rr%l tipl ngsk; Daﬁd"@ akhwglgﬁg(?b Pﬁ%tomg%g%ua.hzer
soutput s i : Ly @f multipliers: 10 wherein.
£ EAbtyr TP L E Mehld oo B P sy B Shin, and e
co icients for the .11 equalizer based upon a cosine .
O 1 eRa e B B Frstfea o b e rignaand a desired
5whereiln t he Foefficient learning 2 circuit adjusts
coBPPFIET e -usi ng a tap coefficient update equation
having a first parameter, 3 k, for nodifying a
magni t ude response. Page 27 1 14. The waveform
tequal i zes. of TR ahvefdrh eqMaRIRLPCLIR 1 IWHRteiP RO lent Karning
IS
2 circuit adjusts coefficients using a tap coefficient update equation having a second

3 parameter, j, for modifying a phase response.

i 16. The waveform equalizer of claim 15, wherein the second parameter, |, Is

[

adjusted according to j=j-g*(f(ac:2)+f(ax.2))*ex, where j is the cosine equalizer parameter
3 for modifying the phase response, g is an update attenuation gain, and ey is an error signal

4 based on a difference between a noisy equalized signal and a desired noiseless signal.

1 17. The waveform equalizer of claim 12, wherein the coefficient learning

~a

circuit adjusts coefficients using a tap coefficient update equation having a parameter, j,

3 for modifying a phase response.

1 18.  The waveform equalizer of claim 12, wherein the coefficient learning
2 circuit adjusts coefficients, w;, according to wi=w;-g*f{ay;)*ey, where g is a provided

3 update attenuation gain and f{a.;) is based on the cosine function.
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2 adjusted according to k=k-g*(f(ak+l)+f(ak_i)) *ek,
where k is the cosine equalizer 3 paraneter for

nodi fyi ng the magni tude response, g is an update
attenuation gain, and ek 4 is an error signal based on
a difference between a noi sy equalized signal and a
desired 5 noiseless signal. I 15. The waveform
equal i zer of claim 13, wherein the coefficient |earning
2 circuit adjusts coefficients using a tap coefficient
updat e equation having a second 3 paraneter, j, for

nodi fyi ng a phase response. 16. The waveform

1equal i zeg of TiRd RhvBrkRy e W@ﬁ&?bﬁdﬁﬂf $%&%H%3§$T2§?%§%mé£Peabrh'

is 2 adjusted accordlng tOJ

2 V‘ng?r hlerelnsw %Stheﬁgreetg "t')"él det% pa?r ,ga[ﬁreeg??r{yg{vgd fw?trh a PR4 response

Ing t ase response,
d ek is an error signal 4 based on

at|o
S?é?%h@%g%er38§“a noi sy equalized signal and a
desired noiseless signal. 1 17. The waveform equalizer
of claim 12, wherein the coefficient learning 2 circuit
I adj ust s2@c oef Theovarf@muguilizetot @finC B hhk@iei, VBYALn to be
equation having a paraneter, j, 3 for nDdlfylng a

2 phase 4. espansea, ;. 18vhele wiaNE HAS BV R beZ&tec®ld, &/, ,'ai@cla%volved
wherein the coefficient learning 2 circuit adjus

3 Cogfth kel R Sresplinse @a(égcpﬁﬁjdnrlge LRink afbeiofl” T (ak_, ) *ek,
where g is a provided 3 update attenuation galn and
f(ak_;) is based on the cosine function. Page 28 1 19.
The maveforn1equal|zer of claim18, wherein f(ak_;) is
I chosen 3lo belhgkvavefgm eqpalizenof akfier k8 wheweint K ibcitaset habe a.t,
are to be detected, ak_; , are convolved with a PR4

2 r expronigevritten bits that are to be detected, ai.;, are convolved with t, based upon the

cosine function.

L3

| 22. The waveform equalizer of claim 18, wherein f{ay) is chosen to be agh,

]

wherein written bits that are to be detected, ay_; , are convolved with hy based upon the

3 cosine function.

1 23, A signal processing system, comprising:

o

memory for storing data therein; and

(%)

a processor, coupled to the memory, for equalizing a digital signal to provide
4 equalized reproduced signals, the processor adaptively updates coefficients for the

5  equalizer based upon a cosine function.
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3 based upon the cosine function. 1 20. The waveform
equal i zer of claim 18, wherein f(ak.;) is chosen to be
2 ak ; +ak 1.1 - ak_; 2 - ak_i_3, wherein witten bits
that are to be detected, ak ; , are convolved 3 wth
the EPR4 response based upon the cosine function. 1 21.
The wavef orm equal i zer of claim 18, wherein f(ak_,) is
chosen to be ak ,tk, 2 wherein witten bits that are

to be detected, ak_; , are convolved wth tk based upon
the 3 cosine function. 1 22. The maveforn1equalizer of
claim 18, wherein f(ak_,) is chosen to be ak

1 wher ei nppw i t’fﬁé‘sn?’\hatl Eroﬁ:&@tng%?ﬁe:ﬁ%f@ﬁ 83, SHeBsh tl-?ﬁwoces‘.sor adjusts

are convol ved w k based” upon the 3 COSIne

2 1 Zemdertt 69 2 &rp%%@ﬁi%leﬂgu %t g[Btlo% ik al&nyg pa mteeg&%%r

or storing therein; roceesd
uaI|Z|ng a d|g|tal signal to prOV|de
8ua?n%e3“$ BW%%B%?BSS|gnaIS t he processor
adaptlvely updat es coefficients for the 5 equalizer

based upon a cosine function. Page 29 1 24. The signa

| processihg sistsimabprocdsaings2Bem whelhiai ™, el &@Qﬁﬁgﬁrameter k,
adj usts 2 coefficients using a tap coefficient updat

2 eqisatijuold hasskdigg b K46 (a@[%amtlw*ek khebWis theMBShE ¥438-8

magni t ude response. 1° 25 he si'gnal processing system

3 Of pehrBltEd B moWTEnE it hiRithiid &Epo‘ﬁ@é,%!&fﬁpda@ attenuation gain, and e
4 isan error signal based on a difference between a noisy equalized signal and a desired

5  noiseless signal.

1 26.  The signal processing system of claim 24, wherein the processor adjusts

3]

coefficients using a tap coefficient update equation having a second parameter, j, for

3 modifying a phase response.

1 27.  The signal processing system of claim 26, wherein the second parameter, j,
2 is adjusted according to j=j-g*(f{aw2)+f{ac.2)) *ex, where j is the cosine equalizer
3 parameter for modifying the phase response, g is an update attenuation gain, and e is an

4 error signal based on a difference between a noisy equalized signal and a desired

Lh

noiseless signal.

1 28.  The signal processing system of claim 23, wherein the processor adjusts
2 coefficients using a tap coefficient update equation having a parameter, j, for modifying a

3 phase response.
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2 is adjusted according to k=k-g*(f(ak+i)+f(ak_1))*ek,
where k is the cosine equalizer 3 paraneter for

nodi fyi ng the magni tude response, g is an update
attenuation gain, and ek 4 is an error signal based on
a difference between a noi sy equalized signal and a
desired 5 noiseless signal. 1 26. The signal processing
system of claim 24, wherein the processor adjusts 2
coefficients using a tap coefficient update equation
having a second paraneter, j, for 3 nodifying a phase
response. 1 27. The signal processing systenmof cl ai m

ocording to T BEEARRALIRLA otyingd, LigBIE bidroipy leaming
7005&u@ﬁlt 9&3&%& b hcid® a;gggggg ind Ol IR 1 g%q el i e@%algg ogayided

- %lfference bet ween a noi sy

’eqd’gld?ti é@e"gﬁwa'%ﬁr&j akd)s’é rd on thisosae danstiengnal . 1

28. The signal processing systemof claim 23, wherein

the processor adjusts 2 coefficients using a tap

lcoef fi cizent urpaatg@alwgg.myeﬁwJfg;la%nmraﬂakﬁff akJ)'ls Erﬁ{s n to be
nmodi fying a 3 phase response. Page 30 1 . al

2pr e essh, RehefS el R bitEindl 1k %be Ee%' n.t Qr% CSR 1$éd°w§1'1”£ PR4
Iearnlng 2 circuit adjusts coefficients, w,, accor

31 0 rNpmNe bl glsaprowdedSupdate
at{enﬂaflo%=é@?ﬁhgnggpfwgﬁg§ i s based on the cosine
function. 1 30. The signal processing systemof claim

29, mhereln f(ak.,) is chosen to be
l The sxonal processing system of claim 29, wherein f(ay.)) is chosen to be

(&S]

i T Ail - Az - Bk..3, Wherein written bits that are to be detected, a,; , are convolved

9

with the EPR4 response based upon the cosine function.

| 32.  The signal processing system of claim 29, wherein f(ax.) is chosen to be
2 apity, wherein written bits that are to be detected, ay; , are convolved with t, based upon

3 the cosine function.

1 33.  The signal processing system of claim 29, wherein f(ay.;) is chosen to be
2 ag.hy, wherein written bits that are to be detected, ay.; , are convolved with hy based upon

3 the cosine function.
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2 ak_i-ak_, wherein witten bits that are to be
detected, ak-i , are convolved with a PR4 3 response
based upon the cosine function. 1 31. The signa
processi ng system of claim29, wherein f(ak.) is chosen
to be 2 ak ; + ak_, 1 - ak_; 2 - ak_;_ 3, wherein
witten bits that are to be detected, ak-i , are
convolved 3 with the EPR4 response based upon the
cosine function. f 32. The signal processing system of
claim?29, wherein f(ak.) is chosen to be 2 ak_;tk.
wherein witten bits that are to be detected, ak-i

1are comypl ved n'}_?ﬁﬁaic_tslﬁarmqmg%ﬂlpriginéhe cosine

function. 33. e signal processing system of claim 29,

wher ei : ' . - hk,. wherein
2 Wit er B potede FRORET L e clfinodtunlin, Y001 2
3 convol ved mﬁ%h hk.bqged ugqn 3 the cosine function.
Page 31* 1°%h o MGyne e Magieis SIRECIRsA ™ conpri sing: 2
a magnetic storage nediumfor recording data thereon
43 a notofeat z?r rpastiRa Ry Wt e e Wé@“g‘@étqlﬁﬁ?i eRium; a
head for reading and witing data on the nmagnetic
3 st or agensHiipmorposifionias thethsad fedativp asihe imagnetis torezhmadium; and
relative to the magnetic storage nedium and 6 a data
6 channela daty chanod s giragssng adededsiigmbl & thnmbetivagnage medium,
storage nedium 7 the data channel conprising an
7 eqhalatz ehanneinforguisied ah @qedized dondg@ed iogiqt:ailzesi dgigd! ste@alBo
provi de equalized reproduced signals and a Viterb
8 dgirediti®equaspaitefrofhicet @b iaRda Mi@rbi detector capable of receiving the
9 equalized reproduced signals and converting the reproduced signals into a digital output
10 signal indicative of data stored on a recording medium; wherein the equalizer is
11 implemented using a coefficient leaming circuit that adaptively updates coefficients for

12 the equalizer based upon a cosine function.

1 35.  The magnetic storage device of claim 34, wherein the equalizer adjusts
2 coetficients using a tap coefficient update equation having a first parameter, k, for

3 modifying a magnitude response.

1 36. The magnetic storage device of claim 33, wherein the first parameter, k, is
2 adjusted according to k=k-g*(f(ax+ }+f(ar.1))*ex, where k is the cosine equalizer

3 parameter for modifying the magnitude response, g is an update attenuation gain, and e,
4 is an error signal based on a difference between a noisy equalized signal and a desired

5 noiseless signal.
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9 equalized reproduced signals and converting the
reproduced signals into a digital output 10 signa

i ndicative of data stored on a recordi ng medi un
wherein the equalizer is 11 inplenented using a
coefficient learning circuit that adaptively updates
coefficients for 12 the equalizer based upon a cosine
function. 1 35. The magnetic storage device of claim
34, wherein the equalizer adjusts 2 coefficients using
a tap coefficient update equation having a first
paraneter, k, for 3 nodifying a magnitude response. 1

136. Thesmagnetd Gaslak %%o@%\ébn%@of’élanﬂ}? Whgémﬁﬂg%&t@%ﬁer adjusts

t he flrst par aneter, Kk, adj usted accordin

2 K=Ks f'l&f:r(t?gélh%ﬂa%:c%efﬁc%en?hpd gén gtu%?x t{a%mtghaesegoosd d)é:éameter J, for

equal I zer nmagni
3res S an updat e attenuatlon gain, and ek 4 is
m@?ﬂ g§%@ﬁ§HB%3§ d on a difference between a noisy
equallzed signal and a desired 5 noisel ess signal. Page
32 1 37. The nmagnetic storage device of claim 35,

I wher ei n38.he Eigpahgreds satigddtdice & a8 I7, heRinSthelSédd8d arameter, |,
tap coefficient update equation having a second

2 palsadpkRH acdordih®Fo i3-8BEaf YI+IG, B)QD a«ﬁt%rn%?ﬁ BRNRSine 2qilizer

The magnetic storage device of claim3 wherein the

3 Seﬁé}%}]ﬂe(:rgﬁﬁ(_)gﬁ?(ﬁgwggge ph%sé vﬁfﬁursg%}lggn e %{gg@a#eoq éam and ey is an

4 eq%r sThrhi % ?@59??&%?3an Eetwggﬁ IaXn'J gg d:}uQEze% ?%1%1 arl%isfp &) Q%gd

i's arr upda enuat|i on gai n,
SI 12 1%baﬁﬁq on a dlfference bet ween a noi sy equallzed
S|gna ARE"Y" desired

1 39.  The magnetic storage device of claim 34, wherein the equalizer adjusts
2 coefficients using a tap coefficient update equation having a parameter, j, for modifying a

3 phase response.

I 40.  The magnetic storage device of claim 34, wherein the coefficient [earning
2 circuit adjusts coefficients, w;, according to wi=w;-g*f(a.;)*ex, where g is a provided

3 update attenuation gain and f{a;) is based on the cosine function.

1 41.  The magnetic storage device of claim 40, wherein f{ay.;) is chosen to be
2 agi-ak.i2, wherein written bits that are to be detected, ay.; , are convolved with a PR4

3 response based upon the cosine function.
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5 noiseless signal. 1 39. The magneti c storage device

of claim 34, wherein the equalizer adjusts 2

coefficients using a tap coefficient update equation
havi ng a paraneter, j, for nodifying a 3 phase

response. 1 40. The nmagnetic storage device of claim

34, wherein the coefficient learning 2 circuit adjusts
coefficients, w,, according to w,=wi-g*f(ak_;)*ek,

where g is a provided 3 update attenuation gain and
f(ak_Ois based on the cosine function. 1 41. The

magneti c storage device of claim40, wherein f(ak_,) is
tchosen 49 beThZmdknetic Yoeage MIRESD FLINE] N NS LS
to be detected,maélfc, are convo?%%%‘ﬁ%?ﬁeghb@ﬁ”g§°h°“mt°be
regponse based_ upon, th ine function. Page 33 1 42.
e A7 PP B BBt LHER o ¢ e  Fiegonvotved
) is,cho to be /2 ak-i + ak_, cak.i.2 - ak_;.3,
S GERY foGnoni p&sef Hin e B0t HaCtsBh ect od. kol |

are convolved 3 with the EPR4 response based upon the
cosine function. 1 43. The magnetic storage device of

Lcl ai m 483. whekehbgre(iakioyagk SedbOSRMihAD&h&Kin f(2 )ik Khosen to be ay.
wherein witten bits that are to be detected, ak_;

2ar g, agenl WadebitshhitkrdasRA4pRA & heire gorﬁ%ﬁjeﬂf%vith_tk based upon the

function. 1 44. The nmagnetic storage device of clarm
340 codetgdtdnf (ak_;) is chosen to be ak_ 2 ; hk, wherein

witten bits that are to be detected, ak_; , are

convol ved with hk based upon the 3 cosine function.

i 44. The magnetic storage device of claim 40, wherein f(a,.)) is chosen to be a.
2 hy, wherein written bits that are to be detected, ay.; , are convolved with hy based upon the

3 cosine function.

i 45. A read channel, comprising;
2 means for equalizing a digital signal to provide equalized reproduced signals; and
3 means, coupled to the means for equalizing, for receiving the equalized

4 reproduced signals and converting the reproduced signals into a digital output signal
5 indicative of data stored on a recording medium;
6 wherein the means for equalizing is implemented using means for adaptively

7 updating coefficients for the means for equalizing based upon a cosine function.
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1 45. A read channel, conprising: 2 means for
equal izing a digital signal to provide equalized
reproduced signals; and 3 neans, coupled to the neans
for equalizing, for receiving the equalized 4
reproduced signals and converting the reproduced
signals into a digital output signal 5 indicative of
data stored on a recording nedium 6 wherein the neans
for equalizing is inplenmented using neans for
adaptively 7 updating coefficients for the neans for
equal i zi ng based upon a cosine function. Page 34 46. A
wavef orp eq j . [ - rmpof a .
g epr odulf:gt' i on%gagﬁfgrﬁ @%Sagg%l—;{ﬁ%g égzﬁlf%r %\%’\ré‘g{fﬁ%“i] ﬂga TSR yetion signal
an rks .recorded on a recordin dium 3 )
2 e R Bkt e R 6 R aP gD BB 1 B e nedium,
qre%;oduced signal; 5 neans for multiplying
> pr GBI ned coefficients by the reproduced signal and
6 the del ayed signal fromthe neans for delaying; 7
4 means RYaN5 A sielay mgprensgationy arprrogced sigaalyi ned
coefficients for the neans for 8 multiplying;, and 9
5 neans freganaftimgdtiplyingprsiefernimed heeffreiams b dre reproduced signal and
mul ti plying; 10 wherein the nmeans for adaptively
6 uptadslagdtshmapiredehemnmndor detgfde; ci ents updates 1 1
the predeterm ned coefficients based upon a cosi ne
7 funct i emeanPagaddhively updating the predetermined coefficients for the means for

&  multiplying; and
9 means for adding outputs from the means for multiplying;
10 wherein the means for adaptively updating the predetermined coefficients updates

11 the predetermined coefficients based upon a cosine function.
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