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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 equalizer optimzation. 2. Description of

Rel ated Art. 10 As conputer hardware and software technol ogy continues to
progress, the need for larger and faster mass storage devices for storing
conput er software and data continues to increase. Electronic databases and
conput er applications such as multinedia applications require | arge anmounts
of disk storage space. Mass storage device manufacturers strive to produce
hi gh- speed hard disk drives 15 with large data capacities at | ower and

| ower costs. AARPHRAIIEHORFROYIDINGDYNAMIGEQUARKER AP EiMIZA BIQON
retrieve data at a fast rate. One aspect of increasing disk drive speed and
capacity is to inprove or i NBACESROUNDOEAHEISNMEINTIOMr eal density may be
increased by inproving the nethod of storing and retrieving data. In
general, mass storage devices and systens, such as hard disk drives, include
a 20 magnetic storage nedia, such as rotating disks or platters, a spindle
notor, rgad/wite) headsd AheAatddorr, a pre-anmplifier, a read channel, a
write channel, a servo controllTer or digital signal processor, and contro
circuitry to contf t perly
interface the har %IldfsSEI%JR |9\?/ée1§[Ieg ﬂ% ﬁéral tggﬁﬁggﬁq %tlom]{r%&atg%ghgag{edo I

channel, wite ch servo ¢ be
i mpl enent ed ¥ more Oq?gtlcu?arly 10 an appara us for prov1d1ng 9 nam1c equaflyer oplxmlzajuon

2. Description of Related Art.

10 As computer hardware and software technology continues to progress, the need
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

15  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 improve 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

20  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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integrated circuit that is referred to as a data channel. The control
circuitry often includes a mcroprocessor for executing control prograns or
instructions during the operation of the hard disk drive. 5 A hard di sk
drive perforns wite and read operations 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 control circuitry then
stores the data in a local dynam c random access nmenory. A contro
circuitry processor schedules a series of events to allow the information
to be transferred to the disk platters through a wite 10 channel. The
control circuitry nmpves the read/wite heads to the appropriate track and

| ocates the ‘éﬁﬁ?%p‘f‘"ilt&t"éa@@bts@woGPnthrU@r»taFl‘éé engry giay pl be fapkeeated pgRncdr i ve
control circuitry transfers the data fromthe dynam c random access nenory
to the | ocat integeadet arcuithat irerefetied ko g8 adataehanngl o dhe certies] gir¢uisy efiemineludesA
sector generally has a fixed data storage allocation, typically 512 bytes
of user dat aa micreprotessarlfocdkecwinigroohtsoltph@zramsomigstafctiansdhiring thibompatioatof on i n
the wite channel. The wite channel may encode the data so that the data
can be nore thehb@disk drBfer i eved later. In a read operation, the appropriate
sector to be read is |located by properly positioning the read head and data

that hassbeen prexihghisdisk MveldefBrmh OwitilRend k&l dperafi&@dvhen WGtidgeRd rdfitdifg head
senses the changes in the magnetic flux of the disk platter "and 20 generates

a correspondypg ANaliagnig s@dr%%{g{fomea &ﬁ%&gﬁ{%@ﬁ‘%Frglgs?&gﬁgéatﬁ Bgpfnal og

read signal, con rons the sig and ones"” fromthe

IR T B R T R R R
The read c hacli];]n%Lqig rgggonfq ial:éegsr r%ertngrey. SA gg‘n%rlol citrccl)litry processor schedules a series of
events to allow the information to be transferred to the disk platters through a write
10 channel. The control circuitry moves the 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
15  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
20  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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el i m nate unwanted hi gh frequency noi se, equalizes the channel, detects
"zeros" and "ones" fromthe signal, and formats the binary data for the
control circuitry. The binary or digital data is then transferred fromthe
read channel and is stored in the DRAM of the 5 control circuitry. The
processor then communicates to the host that data is ready to be
transferred. A read clock controls the timng of a read operation in the
read channel. As the disk platters are noving, the read/ wite heads nust
align or stay on a particular track. This is acconplished by reading
auxiliary information fromthe disk called a servo wedge. The servo wedge

i ndi cates the posjtion of e heads.both_in a, 10 radial,  direction and al ong
t he circunf lccﬂamacofli;rat@(}%ﬁ@c ugs.c hhgfisad chagpelitadtilfers e siggstor i on
information so the servo controller can continue to properly position the
heads on t hRdimipgie kRnwantedihigh Sigayensy peiselicqkaliges the cpangl, detestesaerashanthel s used
a techni que known as peak detection for extracting or detecting digital

i nf or mat i on ‘foneghitonethasegnely andfoomats thednnat$ dath dordbie comtroheireuitgn ethecbimedi a. | n
this technique, the waveformis |evel detected and if the waveformlevel is
above a t hr estiidichl dats istheratraagalet figmhs gad,chiniel sl ia stofeddn isd DRA®ofthe " one. "
More recently, advanced techniques utilizing discrete tinme signal processing

to recopst rdatrot diRuRFy. ATHRFro@HoRtheh icbhBiinicttes AL hsdf 1Rk Bath @ RedyUs®d i n read
channel electronics to inprove areal density. In these techniques, the data

IS Sy”ChrO”%lsﬁéRé&”R'r%H Hé&l?&n ?lﬁ%edﬁhﬂlglro?g?éﬁﬂr eBliBe ki thd REqSAIRLE 1S then

pr ocessed throu a series of mathemati c operati ons usi ng

si gnal - processi ng, t he 1Page 3 Ther re.se |, .t . of _synchronously
saiped dat a chanhete dsk e plUE el RRERAlas R el op SUDEREY

ext ended P%ﬂﬁcﬁﬁ%&. 'ﬁ’l;llg ?sna%g(()jﬁlpl?s tef Q}g reegding auxiliary information from the disk

called a servo wedge. The servo wedge indicates the position of the heads both in a
10  radial direction and along the circumference of a track. The data channel receives this
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
15  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 eleétronics
to improve areal density. In these techniques, the data is synchronously sampled using a

20  datarecovery clock. The sample is then processed through a series of mathematical -

operations using signal-processing theory.
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PRML (EEPRWM.); fixed delay tree search (FDTS); and decision feedback
equalization (DFE) are several exanples of different types of synchronously
sanpl ed data channels 5 using discrete tinme signal processing techniques.
The maxi num | i kelihood detection performed in many of these systens is
usually perforned by a Viterbi detector inplenenting the Viterbi algorithm
The synchronously sanpl ed data channel or read channel generally requires

m xed-node circuitry for performng a read operation. The circuitry may
performsuch 10 functions as anal og signal anplification, automatic gain
control (AGC), continuous tinme filtering, signal sanpling, discrete tine

si gnal processing _mani pulation, timng recovery si gnal detection, and
formatting. In al 1he&sae Revsr Gatey obampireroush sampied e haniehe Bagiidr  goal
during a read operation is to accurately retrieve the data with the | owest
bit error r aleéponse magenyh dikkeldrood (PRMLarexiandechBRML (EFRMle); ehanprd, extemitedent al
effects that Iimt the recording density in magnetic and optical recording
systens is i PRELIEEBBMI)nfieed dal@nee s¢drsh JEDTY); sndedeksin fesdbdeleequalitation
bandl i mted nature of the head/ media conbination and results in the overl ap

of responses(DRB)ard Rvaeti@niples ok YiffeeamotypedotsyaczoiduelSampled datarthsindls That
is, at a giveninstant in tinme, the output signal fromthe nmediumis

conposedsof gty AQkdte tifR sig%p;ﬁia@e?,sﬁégl Rchifiqhdde The Riakintén $ix8RRd @Eteﬂ:b%f

instant, but al'so the responses from sone previously recorded synbols. The

amount and t g%'?rﬁé‘d‘in%argsuggt}e%é%&&ﬁ’s il ﬂ&faﬁ?%@@c\)/@"f:é]d;bglea VidGaderdcffior di ng

density is I ncre I'ng riset patterns anmong symbol s

0t 2 OGN FRUB G011 Ul L0, Uiyl i 2 ot e

received signals 'Thiosrynchronously sampled data channel or read channel generally requires
mixed-mode circuitry for performing a read operation. The circuitry may perform such

10 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. In 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.

15 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

20  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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exanple, in order to reduce the intersynbol interference introduced by a
communi cation 5 channel, rather precise equalization may be provided using
an adaptive filter. However, adaptive filters may al so be used for noise
cancel | ation, linear prediction, adaptive signal enhancenent, and adaptive
control. Adaptive filters are digital filters that are capabl e of

sel f-adjustnent; and which are used in applications that require differing
filter characteristics in response to variable 10 signal conditions. An
adaptive filter has the ability to update its coefficients. Coefficients to
the adaptive filter are updated by sending new coefficients to the filter
froma coefficient generator. The coefficient generator is an adaptive

al gori t hm t WasreassghalYing &ise tpcovetanr patiems pmeng ﬁymg@lﬁ&% grerzengally vEp ROHBICX i gnal .
An inportant aspect of equalizer performance is its convergence. After any
initial 15 andahifficwlytoperivstiwithheimpledévied.ent s of an adaptive equal i zer may
be continually adjusted in a decision directed manner according to a

sui tabl e al gori t Himitd impulse sesponke, filtehieg avay be usddgbatqualising esceived signaisn Edre
final receiver estimate (not necessarily correct) of the transmtted

sequence. | Nexa@piBin AB&t3kddRBe the Mtels PGB M BkrflefdeShROSICAd By & @bmhRGhickiidnh hi gh
probability, so that the error estimates are correct often enough to all ow

the adapti Ve gl thih8Y prbQsQuiRlafbR hidy BE BRiviRdSSH |ah%€£ﬂtﬂr@-ﬁ1&@rﬁ&¥&feﬁ a

deci sion directed adaptive equalizer can track sfow variations in the
channel char I SL i r cpertur HORS. - £ i ver..fr end,
such as sl owaqﬁ t?‘{eef?{egr%ﬁ% ﬁélsé Bﬁg?%g rfgrp Otzliéséé: %%Qg@a’sw%%g ?edzli&lg)ﬁi %dgi%ﬁ“{ae Sgé}lt&%)r ithm
nmust be used for deterqlqkng $og¥ qual i zer taps describing the finite

i mpul se r espTHEECFEN 81 ACRPYYF @O et hod for solving this problemis to

wite a known pattern tq the disk, read the pattern back, deconvolve out the
witten Adaptive filters are digital filters that are capable of self-adjustment; and which

are used in applications that require differing filter characteristics in response to variable
10  signal conditions. An adaptive filter has the ability to update its coefficients.
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
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 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
20  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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pattern to obtain the systemresponse, and then directly solve the resulting
systemof 5 equations for the equalizer taps. This approach requires first
witing a known pattern to the disk. Another (well) known solution is the
LMS (Least Mean Square) algorithm The |east nean square (LMS) error
adaptive filtering schene is described in B. Wdrowand M E. Hoff, Jr.,
"Adaptive Switching Crcuits" in | RE Wescon Conv. Rec., Part 4, pp. 96 10
104, August 1960. The use of the LMs algorithmin an adaptive equalizer to
reduce intersynmbol 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 qquaIL er filter cpefficients %ie cposen to
minimize the medRUSdr4Hebiepiegrithn must beused oy determining grad eqrlizyr@mshe | S|
terms plus the noise power at the 15 output of the equalizer. Therefore,
the LMS equaleeibingihis finity tapulseaespopsedilter.oAdlirsetonethethfor selvingghisiprablesyisput
within the constraints of the equalizer tine span and the delay through the
equal i zer. Befwitea kegui pattedatodhe diakgeddshe pattebrebrchsdecannaymout theswnttdnesi s of
the LM5 equalizer for unknown channels may be carried out during a training
peri od. Thi attg@nebbdainythe sycdny &Spdnke and éfeatdireetlysolvettheresolfing syédm of

si mul t aneous equations. During the 20 training period, a known signal is

transm t$ed Rostichs OHENERUAIIZE taps © TRIsQAPprOhcH fRGuisds I writtng DGRV aREnitd t he
receiver to acquire information about the channel characteristics. The
training SiQﬁ@HBHHy consi st of periodic isolated pul ses or a continuous
sequence with a Page 6 broad, uniform spectrumsuch as a w dely known

e 1 1SSy P Bl EAIR B E A SRSt PHEN G 0 .
w il be COnSlgarg?r%egnosrqu%r%e(LMS%iePriop gda?)ggeutell?e%%g sgtlljerrrtlehlg r(iésc}itt}gd in B. Widrow and
M. E. Hoff, Jr., "Adaptive Switching Circuits" in IRE Wescon Conv. Rec., Part 4, pp. 96-
10 104, August 1960. The use of the LMS algorithm 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 square error, i.e., the sum of squares of all the ISI terms plus the noise power at the
15 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 simultanebus equations. During the
20  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

training signal may consist of periodic isolated pulses or a continuous sequence with a
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LMS sol ution does not converge to the sane solution as the direct nethod. 5
It can be seen then that there is a need for an apparatus for providing
dynam ¢ equalizer optimzation. Page 7 SUMVARY OF THE | NVENTI ON To over cone
the limtations in the prior art described above, and to overcone ot her
limtations that will becone apparent upon readi ng and understandi ng the
present specification, the present invention discloses an apparatus for
provi ding dynam c 5 equalizer optim zation. The present invention solves the
above-descri bed problens by providing equalizer coefficient updates that
converge towards the sanme solution as the direct nethod wi thout having to

first wite,a kno attern to, the disk, or requirin prior.  know edge of
the data al PEESTRIPSRRTHD Pith af sdehrrvaaat e Rodf Sy GREer n may be 10
used to nodify only a DFIR t set, only the j a K ter.s of a cosine
equal i zer orpSé/‘{dS‘nk‘?t?HiS?‘iPeB%Ft H%W‘&e’fsél& 98 ersaweapﬁsg%ﬁ P OB culizar i j and k

paranmeters of the cosine equalizer. Another algorithm such as the LM

al gorithm rAelptivedy leseand bandpddth yill be eensamed £or s trafpige seagnesy RubereBisi ne

al gorithm A read channel in accordance with the principles of the present
i nventi on i AdV%edstiendoes Boerpuadrge trthe sanid splutivd as theadjreal mgthod di gi t al si gnal
to provide equalized reproduced signals and a Viterbi detector capabl e of
recei vingy the equtadahdedednaherottinictiele 34 ginseld Soraumchpparatne fér provitling dyniapicoduced
signals into a digital output signal indicative of data stored on a

recordi ng @g@ﬂgghnmﬁ@gﬁkﬂdthe equalizer is inplemented using a coefficient
|l earning circuit that adaptively updates coefficients for the equalizer
based upon a cosine function.
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20 I'n anot her enbodi nent of the present invention, a waveform equalizer is
provi ded. The waveform equalizer includes a delay el enent that delays a
propagation of the reproduced signal, a plurality of rmultipliers that
mul ti ply predeterm ned coefficients by the Page 8 reproduction signal and

t he del ayed signal fromthe delay elenent, a coefficient learning circuit

t hat adaptively updates the predeterm ned coefficients for each of the
plurality of nultipliers and an adder that adds outputs fromthe plurality
of multipliers, wherein the coefficient learning circuit adaptively updates
coefficients for the equalizer based upon a 5 cosine function. |In another

enbodi nent of the present in%ﬁ%ﬂiﬂQR i) I }?ﬁiﬁfing systemis

ol
provi ded. The signal processityg oyotghjfhj gades—thetrofy for storing data
therein and a processor, coupled to the nenory, faor_ equalizing a digital
signal to provi ddoQyersPMs & limigations inctbe Pdergitdescrited @bpyce s ONVEIERBt | vel v
updates coefficients for the equalizer based 10 upon a cosine function. In
anot her enbodierimitadnstthas will beeome dppetentypon readingegd emferstendingthe pksoiitce i s
provi ded. The magnetic storage device includes a magnetic storage nedi um for
recordi ng dptcifidatien,¢lnpresentrotventichalischises angppphetusdgneovidingtdynagie nedi um  a
head for reading and witing data on the nagnetic storage nedium an

act uat or5 f oreqpdizert opdiRiifgionhe head rel ative to 15 the magnetic storage nmedi um
and a data channel for processing encoded signals on the nagnetic storage

nedi um the dat aTabaregl RIS SIVE tRMbEMIALCABI HEMEMIYY @Q)Vti(gngqua! ize a
digital signal to provide equalized reproduced signals and a Viterb

det ect o _capgBeloeicRaeL AR S0 RUER HAES alﬁfegg%ﬁqgslﬁﬂoé galfeand

converting t repro ed signals into a _ output signal 1ndicative
of data st Orn?e?ho%nwf?horu?ﬁgvrir(;gl 3% 3% \gl‘litlél rapkn\(’)\'*v?fg E)gtjterr]n tht?le %%Ea(‘)lr I1‘ezq(1:"11rring any prior

knowledge of the data already written on the disk. The adaptive cosine function may be

10 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

15  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.

20 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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20 is inplemented using a coefficient learning circuit that adaptively
updates coefficients for the equalizer based upon a cosine function. Page 9
| n anot her enbodi nent of the present invention, another read channel is
provided. This read channel includes neans for equalizing a digital signal
to provide equalized reproduced signals and nmeans, coupled to the nmeans for
equalizing, for receiving the equalized reproduced signals and converting
the reproduced signals into a digital output 5 signal indicative of data
stored on a recording nedium wherein the nmeans for equalizing is

i npl enented usi ng neans for adaptively updating coefficients for the neans
for equalizin based upo sine fynction. .l n _another odj ment of the
resent i neRtsbRiorgEhar GeddRst seat dim SepenCe Byt ol oth & ey of or m
equal i zer includes neans for del ayi ng propagation of a 10 reproduced signal
means for mSiteHiphstisAeptyrly getdssheRgdae el cogficisnts forepch crfé'gﬁrgurahw? si gnal
and the del ayed signal fromthe nmeans for del aying, neans for adaptively
updating t maltiesend prrhdvsythebaskls petbets framitlay plutglityred andtipliors, wikreingheyi ng and
means for adding outputs fromthe neans for multiplying, wherein the neans
f or adapt i vebsfficipgtatarmigg tirmitpdadietly updatsdoctiiefhts forain sjualpatabased tpoa a
predeterm ned coefficients based upon a cosine 15 function. These and

vari ous Pt hepsigdvagiioages and features of novelty which characterize the
invention are pointed out with particularity in the clainms annexed hereto

and forma part [Dg{o8RE embRIMBYAIE the Preséht AREAIRIN, ¥ RER PrRBAINRSyHm ishe
invention, its advantages, and the oObjects obtained by its use, reference

shoul d be ggﬂﬁi&e& ﬁﬁ@sig;{ea@ﬁ%@&%inwsﬁéﬁlmk?@ﬁ%ﬁéﬂé& *fc?rrst&\?l%tda%%é?ﬁgﬁr%a and to

acconpanyi escripti tter, ere"are 1l Fustrated and

descri bed processor, coupled to the memory, for equalizing a digital signal to provide equalized

reproduced signals, the processor adaptively updates coefficients for the equalizer based
10 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

15  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

20  isimplemented using a coefficient learning circuit that adaptively updates coefficients for

the equalizer based upon a cosine function.
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specific exanples of an apparatus in accordance with the invention. Page 10
BRI EF DESCRI PTI ON OF THE DRAW NGS Referring now to the drawi ngs in which

| i ke reference nunbers represent corresponding parts throughout: Fig. 1
illustrates a storage system according to an enbodi nent of the present 5
invention; Fig. 2 is a block diagramof a magnetic disk drive device
according to an enbodi nent of the present invention; Fig. 3 is a block
diagram of a read/wite channel circuit of Fig. 2 that enploys PRWM
detection; 10 Fig. 4 illustrates an equalizer according to an enbodi nent of
the present invention; Fig. 5 is a functional block diagramshow ng the

o asent | nvent i off SRt PR Y 1P Bees T SO GRS DBy
Rvent i on: | By oo Grahs) BEugdnoh GG FRe: RISGHGTRe PR AEEdT ding (o an
enbodi nent of the present invention; Fig. 8 is a diagramshowing the j, k
cosi ne f unctémseduged-ogndisagd meang, caipled do themeangfor eqvaligngdenrecdiving®iei on; 20
Fig. 9 is a functional block diagramshowi ng the signals at each step of an
equal i zer aequmlidedrgprodued signddeehd@ntertidg thé eepprdesweisignalsvien tidgital output
5 signal indicative of data stored on a recording medium, wherein the means for equalizing is
implemented using means for adaptively updating coefficients for the means for equalizing
based upon a cosine function.
In another embodiment of the present invention, another waveform equalizer is
provided. This waveform equalizer includes means for delaying propagation of a
10 reproduced signal, means for multiplying predetermined coefficients by the reproduced
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
15  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

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

specific examples of an apparatus in accordance with the invention.
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Page 11 Fig. 10 illustrates a chart of the functions for the cosine
equal i zer according to the present invention; Fig. 11 illustrates the
magni t ude and phase graphed agai nst the normalized frequency for the cosine
equal i zer having the j paranmeter set to zero according to an 5 enbodi nent
of the present invention; and Fig. 12 illustrates the nagnitude and phase
graphed agai nst the normalized frequency for the cosine equalizer having
the k paraneter set to zero according to an enbodi nent of the present

i nvention. Page 12 DETAI LED DESCRI PTION OF THE I NVENTION I n the foll ow ng
description of the enbodi nents, reference is made to the acconpanying

drawi ngs that forma part [ , ﬁﬁi@iﬂtﬁgﬁ&ﬁﬁgﬁby way of
illustration the specificBgﬁ EgﬁﬁiﬁﬁgTKﬂqv tion may be
practiced. It is t be 5 un t 0Qd tha ther enbodlnents may be utilized
because structurgF’ Orfgflg’i%"mgﬁ'él&’ 116 GeersBERRUMBEE PR he scope of
the present invention. The present invention provides an apparatus for
provi di ng dypEespendingpartsAbiouglpti ni zati on. The present invention provides
equal i zer coefficient updates that converge towards the sanme solution as
the direct met hodligniltithetrateh agioragetspstém astording toeancenibrwdiment Of hatpresemt t o t he
di sk or requiring any prior know edge of the data already witten on the
di sk. The adaphiimg cosine function may be used to nodify only a DFIR tap
set, only the | and k paraneters of a cosine equalizer or to nodify both

the tap set for @idblifa blobk Gfag@ﬂp'of atrH@gnleu@ﬂ‘i@k briRadSimRt8EstdRE td e cosine
equal i zer. Another algorithm such as the

embodiment of the present invention;

Fig. 3 is a block diagram of a read/write channel circuit of Fig. 2 that employs
PRML detection;
10 Fig. 4 illustrates 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
15 according to an embodiment of the present invention;
Fig. 7 is 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;
20 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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algorithm may be used to nodify paraneters not nodified by the cosine
algorithm 15 Fig. 1 illustrates a storage system 100 according to an

enbodi ment of the present invention. In Fig. 1, a transducer 110 is under
control of an actuator 120. The actuator 120 controls the position of the
transducer 110. The transducer 110 wites and reads data on magnetic nedia
130. The read/wite signals are passed to a data channel 140. A signal
processor system 150 controls the actuator 120 and processes the signals of
the 20 data channel 140. In addition, a nedia translator 160 is controlled
by the signal processor systen1150 to cause the magnetic nedia 130 to nove
relative to the transducer . Nevertheless, the present invention is not
neant to be |imn i 19@“@%@?@%411 afrthe {ypetigrm ferthe casinesaqypliggs aespedingioth® or t o
the type of nedia 130 used in the storage system 100. Fig. 2 is a block

di agr am of @resagnevdntionti sk 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 2FZg anéllyasaict thenedgnithdesandfphaeprgfhed agdies pondirmgliz2zdes of di sks
210. Heads 5 212 are nmounted on correspondi ng servo arns that extend from an

E- shaped bl ardquer§ 36t YostidequtiZdt E&ﬁﬁngztﬁg bpﬁku‘ﬁ@t@r 2% 82786 Yccdidind@anan

associ ated rotary voice coil actuator 230 that noves bl ock assenbly 214 and

t her eby §haqgﬁ% Qﬁhgkggénggmgﬁﬁpan 212 for reading data fromor witing

data to a speC| p03| I on on one or nDre of disks 210. 10 A

pre-anplifier 21 es a |cked s nd t hereby
provi des read/ w ?t‘é lgi@%ﬁ%ﬁes RN u‘% flsﬁ: %?Phgﬁﬁgﬁﬁt 1g?e%dur ing a
reading operation. a wite oper re-a I|f|er 16 transfers an
encoded wri tEPIBERCX fi OrEﬁ “equBﬁleteﬁBa‘P%tgf’ \\ﬂnp?‘ia@‘ﬁ’ﬁﬁﬁéﬁ MR FeidFEUI e t 0 heads
2lz. Inar %?n%ogfpn?ern?gfltgg present invention.
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read/ wite channel circuit 218 detects a data pulse froma read signa
provided by pre 15 anplifier 216 and decodes the data pul se. Read/wite
channel circuit 218 transfers the decoded data pulse to a disk data
controller (DDC) 220. Furthernore, read/wite channel <circuit 218 al so
decodes wite data received fromthe DDC 220 and provi des the decoded data
to pre-anplifier 216. DDC 220 both wites data received froma host conputer
(not shown) onto disks 20 210, through read/wite channel circuit 218 and
pre-anplifier 216, and transfers read data fromdisks 210 to the host
conputer. DDC 220 al so interfaces between the host conmputer and a

m crocontroller 224. A b am_ A 2 Page 14
tenporarily stores data ﬁ&igikéﬁﬁ%éﬁﬁﬁ iub“% host conputer,

m crocontrol l er 224, and read/wite channel circuit 218. Mcrocontroller 224
controls track sadhslfowing desaition of thewmbgdiments: iednencers madsiorbe t o read
and wite commands from the host conputer. 5 A ROM (Read Only Menory) 226
stores a comccahpprying diawings that tormagnttrhstdoéand 2pwhigh 1sslowvnady waardfous setti ng
val ues. A servo driver 228 generates a driving current for driving actuator
230 i n respoilagrdtion shecspatifiobmbodimehts igehieh aieddvdntiomnrayde peatited| It srto B24

that provides control of the position of heads 212. The driving current is

appl i ed 50 aundéRided thiothe® EmBditihtemas 36 utiReddurt Alse 23R 1RABdHah@RAMAYaRdS 212
relative to disks 210 in 10 accordance with the directi on and anpunt of the

driving curr aade SitRRh YestrlimA fleBopdliefredAPinyéuRl ndl e motor driver 232

drives spin e not or r ot I'sks 210, 1n accordance with a

control value gengyaled. /£ OMmTh SRARILh Bhubliu? plelding SYHah AL Ll 1 sks 210.

optimization. The present invention provides equalizer coefficient updates that converge

towards the same solution as the direct method without having to first write a known

10 pattern to the disk or requiring any prior knowledge of the data already written on the
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.

15 Fig. 1 illustrates a storage system 100 according to an embodiment of the present
invention. In Fig. 1, 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

20  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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Fig. 3 is a block diagramof a read/wite channel circuit 300 of Fig. 2 that
enploys 15 PRML detection. In Fig. 3, the read/ wite channel circuit 300

i ncl udes a physical recording channel 338 having a read/ wite neans and a
recording medium a wite channel circuit 340 for witing data onto the
recording medium and a read channel ~circuit 342 for reading data fromthe
recording nedium Wite channel circuit 340 is conposed of an encoder 344,
a precoder 346, and a wite pre-conpensator 348. Read 20 channel circuit 342
is conposed of an automatic gain control (AGC) anplifier 350, a |ow pass
filter (LPF) 352, an anal og-to-digital converter (ADC) 354, an adaptive
equalizer 356, a Viterbi detector 358, a gain controller 360, a timng
control | er 362ageasyeica l@8ootiethe typagé media362 userhis tha stenapé systerreti®r 358
includes a matched filter (not shown in Fig. 3). In operation, encoder 344
encodes wite datFég. 2iinpblock didgeamwf 4 thegnedatiisk dFiee dévee20di asgordingditoian i nto a
predeterm ned code. For exanple, an RLL (Run Length Limted) code, in which
the nunber Qintadindment the 9fe@§nt iM&htiée MaiFlg. RedMREN 0SREeFItdtb£Bly & sprBdlk Momrand

m ni nrum val ues, is commonly used for this predeterm ned code. However, the

present invenhi o HegddAb a@ﬁ&ﬁthdngd BEsubthdBs b8 BortRp Sildin AOHEs OF Bisks fl‘?)d 'Hb@dsmay be

used. Pre-coder 346 Is incl to prevent erro? pr opagati on.

pre- conp nsaztlar re ,ﬁ%l?ntéae&ug% Q%ﬁmg ¢ Alarh 0 ha{JSRgndfsfrcfl’ﬁ aﬁ ol @uéﬁr él?e

read/ wri head. wever € response o e ac recordi ng
channel does no tl W th t ransf er, 0 function, sone
subsequent s AF BitakS ShFRlek Bssmbbok bat S msreed M aoe Bl ( Aco
anplifier 350 anplifies an analog signal read from the disk. Low pass

filter 352 raémwg?:wh@wnw@dwﬂf@;s % &l 4 andriheraly %ﬁ&%@gowwsquws out put

fromAGC anplifier 350. The signal output fromlow pass filter 352 is
converted 212 forreading data from or writing data to a specified position on one or more of disks

210.

10 A pre-amplifier 216 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 opefation,
read/write channel circuit 218 detects a data pulse from a read signal provided by pre-

15 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

20 210, 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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into a discrete digital signal by analog-to-digital (AID) converter 354. The
resulting 15 digital signal is then applied to adaptive equalizer 356, which
adaptively controls inter- synbol interference (1SI) to generate desired
waveforms. Viterbi detector 358 receives the equalized signal output from
adaptive equalizer 356 and fromit generates encoded data. Decoder 364
decodes the encoded data output fromViterbi detector 358 to generate the
final read data. At the sane tinme, in order to correct the anal og signa
envel ope and 20 the digitization sanple timng, gain controller 360 controls
the gain of AGC anplifier 350 and timng controller 362 controls sanple
timng for AID converter 354. Fig. 4 illustrates an equalizer 400 according
to an enbodi'fBReTAEY Stes rleLaiferredbgivess DMy éeft #shihe ot EPYPUES an i nput
signal 410 is fed into a shift register circuit 412. Wth each successive

i nput to theniskicptrolley2d4,end readavrite chpagelsfircpin 1 reMigrocatreen24 canieolar e
tapped off. The tapped signals nmay be multiplied 430 by sel ected

coef fi ci ent stratld GeekittpeandrteaskiKdliomgng fapptechs s grainse tha®adarel wheromddeds #60 t o
provi de an output 470. 5 Fig. 5 is a functional block diagram show ng the
signal s at eBehosst@pp@ér.an equalizer 500 according to an enbodi ment of the
present invention. In Fig. 5 the witten bits that are to be detected, ak

510, aresprovi dedy ROM{REQARM Ly ¥y 2R abé’cﬁﬂ&olﬂ% bt for nfié8B8roligeor di ng
medi a, for exanple, each logical "1" will produce a dibit response, i.e.

o, Ouer L SRR RSB LS e o BIRES SRPE Loy Biaeny 2
t di bit : Kk 14 i h i sel db ' . Th

1ot om0 PRI T sihes B o SRR L T
d back si |, .nk 520, lting i ' d back sj ., k 530.

e BRSBTS ot .

nk voice coil of actuator 230. Actuator 230 positions heads 212 relative to disks 210 in
10 accordance with the direction and amount of the driving current supplied from servo
driver 228. A spindle motor driver 232 drives spindle motor 234, which rotates disks
210, 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 |
15  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
20  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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540, to produce a noisy equalized read back signal, yk 550. A desired

noi sel ess signal, dk 15 570, which is derived fromthe witten bits that are
to be detected, ak 510, and the target response, tk 560, e.g., (tk,tk_|
,tk_2)=(1,0,-1) for PR4. The difference between the noisy equalized read
back signal, yk 550, and the desired noiseless signal, dk 570, is an error
signal, ek 580, given by yk-dk. The DFIR filter tap weights, wk 540, are
updat ed according to an update 20 al gorithm given by w ==w g*f(ak_;) *ek,
where g is the update attenuation gain and fOis a function, which is
descri bed herein below. As described earlier, a direct nethod for

determ ni ng e R filter t weights 540 is to wite a kng pattern to

t he di sk, ré%g'55g§§fﬁngﬂﬁdﬁé?§%mﬂm'%EVngggéﬂV%BV%S%ﬂWJW'égﬁﬁ?tten pattern
to obtain the systemresponse, and then directly solve the resulting system
of equations for [nRBeraderaenAder J4dengrdes Mirie dat inputfg Be wpHeberA theequi r es

first witing a known pattern to the disk. Mre typically, the LM

al gorithm whéading snegivngnntby predeteirmirest kode: dlor example.ea Ridr (Rypdanigthg t he DFI R
filter tap 5 weights 540. In an LMS equalizer, the equalizer filter

coef fi ci ent sLiaritedcdods,cn which the Rumberef hdjaceieatostusirenainbetweeh sgecifisdhe sum of
squares of all the ISl terns plus the noise power at the output of the

equal i zes. HaNEMEM anll MEINHANY O4186) &L ofRRAy hRH 6hRislpMaecteRRl cd®), 1S
relatively Iow, and bandwi dth will be consunmed for the training sequence.

Further, t hg%&vb%,gﬁ gl:,é;ﬁﬂe%ﬂlt ﬁ@@lﬁioﬂqg n&t 4! f %g)ﬁtl@?ﬁeh% REMEang Qhhek h@&n%%8§ he

direct nmeth ustrates a agram of a system for
4P 19| e A0, 0k OGABEL LA SR RREEIE 0 SRR
10,3 £2 ne SAuall o0, 20,1k, 00 PLSdEl e RALATELTR L0 PLOYLe e
the response of the actual recording channel does not exactly coincide with this transfer
10 function, some subsequent equalization is always required.
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
15  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
20  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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bel ow. 15 The cosi ne equalizer 620 is advantageous when a reasonabl e set of
starting DFIR taps already exist (obtained, for exanple, in manufacturing)
and only sonme amount of tuning is needed, e.g., to conpensate for fly

hei ght variation, tenperature variation, etc. The cosine equalizer 620 is
beneficial not only for adaptively changing equalizer taps to inprove
overall error rate, but also as a fast data recovery procedure. The cosine
20 equal i zer 630 converges towards the sanme solution as the direct nethod
descri bed above w thout having to first wite a known pattern to the disk
or requiring any prior know edge of the data already witten on the disk.

Page 18 The cosi ne |izer, 630.can pe used to . read. back whatever unknown
exi sting custYGREM- §g;@g Hafih EWRYL Sigh é{j(bﬁl%?cﬁ‘@tocﬁ g‘k‘.%reﬂ‘lsitesr cfrﬁVlﬁgi%uﬁtPGa“g’e a

prof ound advantage in certain data recovery situations. Consider, for
exanmpl e, dat AUskesSiednpputo theshifiregisiep direaralies of By mysnary clemsgtsiid@lareteppednot
tenperature. The effective bit density as seen 5 by the read channel
changes consiofferldibitappedisighals miag be emitipliztd 48@ by vilented dveffetignted40ecihieng  t he
requi red optimum equalizer tap settings. These changes are automatically
taken into asahingttapped kigialngsGure ahepeiddéduaottb provideeanadugsut di7@.ect |y on the
sector being recovered. There would be great difficulty in attenpting to

mmc theswite teEenad Amstid bRAE BiagBRChOWindhBOsiBSd 198 Abh fbPefdnt hm fi r st
requiring the witing of a known data pattern. 10 Fig. 7 is a diagram 700

show ng the Eg&ﬂﬁéﬂﬁo‘ca&!&%ing o %gﬁﬁ@diﬁgnt%é}?eg)fms%ﬂﬂﬂ%fﬂ%ﬂ? Iﬁ' 3? ?Qhé’x’?vﬁﬁéft

i nvention. The cosine equal Fzer agram Fi g. I ncludes a single

Caual s zor ' 1 o i BN B ARG 5u SRP R Tt BN, WA deind o (e SRE' 17

cosi ne equal i.zer . . .
g from a recording media, for example, each logical

CC]”

will produce a dibit response, i.e.,
two overlapping Lorentzian-like pulses of opposite polarity, whereas a logical “0”

10  produces no output at all. In Fig. 5, hy 512 represents the system dibit response. Thus, sk
514 is the noiseless read back signal. The noiseless read back signal, si 514, is combined
with the noise corrupting read back signal, nx 520, resulting in a noisy read back signal,
Xk 530. The noisy read back signal, xi 530, is adjusted by DFIR filter tap weights, Wi
540, to produce a noisy equalized read back signal, yx 550. A desired noiseless signal, d

15 570, which is derived from the written bits that are to be detected, ay 510, and the target
response, t; 560, e.g., (ti,tk.1 ,tk2)=(1,0,-1) for PR4. The difference between the noisy
equalized read back signal, yx 550, and the desired noiseless signal, dx 570, is an error
signal, ey 580, given by yy-dy.

The DFIR filter tap weights, wy 540, are updated according to an update

20  algorithm given by wi=w;-g*f(ak.))*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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paranmeter. Accordingly, if a 4-tap DFIRis provided with existing taps: wi,
w2, w3, w4, 15 then the DFIR tap weights for the cosine equalizer 700 are
given by wl+kw2, kwl+w2+kw3, kw2+w3+kw4, kw3+w4. Truncation is used because
when you start with N taps, the convolution using the k paraneters 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 showi ng the j, k
cosine function according to another 20 enbodi nent of the present

i nvention. The cosine equalizer diagram 800 of Fig. 8 includes a paraneter,
k, for adjusting the magnitude response and a paraneter, j, for adjusting

e Bhase RSNy By TSP ARGTBHR LRI b S RO SRERRSCHRY |,

equal i zer paraneter for adjusting the magnitude response and j is the

cosi ne equal fEBAITEIRRtedhe feghlting PXEE?ET} ﬁfgeqpﬁ@ns P8R CHREpB ARGV eighig At i on is
used because when you start with N taps, the convolution using the

paramet ers yilbis@ppeeach rggusres fgt writing atknewnipatern tetheldiski Mere tynd léfdthbégks to N
5 taps by dropping the first and last two values. Fig. 9 is a functional

bl ock di agr anigstithwi, mhichhe gvegbphs=vatg*sad by, Stused fof updating ghralDFRefilt@ 0
according to an enbodi nent of the present invention. In Fig. 9, the witten

bits thats ar evetghtsida0d et ScLBIS, eqakliRi Ohe @juelizes Ateid@efitiendart bipsstn tohen readi ng
back the bits froma recording nedia, for exanple, each logical "1" wll

produce a di RjidiniRSRORRE sdual errobd e, W QUEHH BRREOEK HOHE WIZEAR JlideRe Rotkses of
opposite polarity, whereas a logical "0" produces no output at all. In Fig.

noi S0l ose 1 o Ran ol L PYBERRAH, i f80 E%SPDBJQE&“B%‘CF%E% BV <

(r:]glmé ;/ n?g a dwbtggll? izgt d?]g;la%lvelgfq(r)\gvy egld agdwﬁﬁl wi %kcoﬁls e%l for Hle trgelizn(i’ﬁg seqﬁéjnl L) ng in a

Further, the LMS solution does not converge to the same solution as the direct method.

10 Fig. 6 illustrates a block diagram of a system 600 for updating the tap weights 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.

15 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

20  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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xk 930. The noisy read back signal, xk 930, is adjusted by DFIR filter 932
and cosine 15 equalizer 940. The cosine equalizer 940 produces the noisy
equal i zed read back signal, yk 950. A desired noiseless signal, dk 970 is
derived fromthe witten bits that are to be detected, ak 910, and the
target response, tk 960. Again, the difference between the noisy equalized
read back signal, yk 950, and the desired noiseless 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 updated
using the error signal, ek 980 and the cosine algorithn1 For exanple t he

adaptive cosine function e ysed. to nndl DFIR ta e 20 set
932. Anot her al goﬁ?et T‘ﬂﬁneseﬂE‘ﬁlZS%6 n bRased 96 kﬁg‘f X’Hﬁ?v%éﬁ‘h’%‘%@ ?%Stﬁ’ﬁdl fy j
and k for the cosine equalizer 940. Alternatively, the adaptjve cosine
function mayC¥omRIEatathappeRsde bs o heylisknd hjs taima ot (ke amseferad afvantage iosi ne
equal i zer. As above, another algorithm such as the LMs algorithm may be
used to nodi ftgnaumé;at@ tgsoway situstionsh CaDBIdRY, ffor examplg3data rigien pla dold t her, t he
adaptive cosine function nmay be used to nodify both the tap set for the
DFIR filter S3iesandenbw beingneadkbaoh hbarisiteenspevdtutch & he effecteredipuirhsityens s€h0.
Using only the parameter for nodifying the magnitude response, the tap

wei ghts 350f bliehelbddRHahddl ehan@dLconkidetapliatue to the CaisbiratGretsoving thoted hiféding) * ek,
where g is the update attenuation gain and f() is based on the sel ected

cosi ne_f unct iRRequlaliSpriifiechARALBdered OHEcH B ORToMABaIL) e BR) ne

equal i zer provides a nodified tap updateé equation to replace Xk_;
f(ak_ ;). d d f
oy g nE o ARaIREGN LSRR e RN AR e bec RS AEITS o0

t() 1010, 1 O[['het:rre] Fou dsll)engerezﬁ%uﬁicul%y in attempting to mimic the write temperature for each

sector when using an algorithm first requiring the writing of a known data pattern.

10 Fig. 7 is a diagram 700 showing the k cosine function according to 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 représented 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: wi, wa, W3, Wa,

15  then the DFIR tap weights for the cosine equalizer 700 are given by wi+kwa,
kwi+wytkws, kw,+ws+kw,, kwstw,. 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

20  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, j, for
adjusting the phase response. In Fig. 8, the cosine equalizer is represented by j 8§02, +k
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according to the present invention. Fig. 10 shows a description of the
functions 1020 and 15 the functions 1010. According to Fig. 10, f(ak_;)
coul d be chosen to be ak_ak.; 2 1050, which has ak_i convolved with PR4
response 1052. Alternatively, f(ak_ ) could be chosen to be equal to ak-i +
ak-i-1 - ak-i-2 - ak-i-3 1060, wherein ak_i is convolved with the EPR4

response 1062. Still further, f(ak_ ) could be chosen to be equal to ak ;tk
1070, wherein ak i is convolved with tk 1072 or chosen to be ak_i hk 1080,
wherein ak_i is convolved with hk 20 1082. For each of these enbodi nents

di scussed above, the tap update al gorithmfor nodi fyi ng t he magni t ude

response is = K= 9*(f *ek. For exanpl e, en Pa 21

{ Cak) ak- ok 3150t xek PR LT el ok e FSEEBRLH IZib%azam?tﬁ%f%apdate
becones k = k-g*(ak+rak 3 *ek. When f(ak) is equal to ak-i + 2
- ak_: 3 1066dHstingd ?H’ég‘&l%‘é respgpseEp@) B cqswﬁsﬁf&@eli%@net%@r a@as&‘tné ﬂE?ecorres
k = k-g*(ak+l + ak - ak_3 - ak. 4)*ek. When f(ak) = ak_;tk 1070, the update
becormes k = Iphepeespensek Hruncaen istuked be)lauSeRVheW@lnstﬁI([a\kfﬁNta@R, thhkorwomosm t he
updat e becomes k = k-g*(ak+l hk+l + ak_jhk | ) *ek. Accordingly, one skilled
in the art wsihg thegcloparametetsha¢ld Nvesapspandbipthe $inalargsubeis exhennaidhck o ¥t her
types of filters, such as E2PR4 filters. Al so, for each of the enbodi nents

di scusseds ab@ap@,byuhq) 1@phuﬁd;a§1ej aktgebivhlnes.f or nodi fyi ng the phase response
is j j-g* (f(ak+2)+P(ak 2))*ek. For exanple, when 10 f(ak)=ak. ak_2 1050 as

i's the case for tb%(?%a ﬁﬁ%@&ﬁ?ﬁo@é@gra&%oﬂﬂ%@h@s@%@ﬁf%ﬁ step of an
] -g*(ak+2-ak+ak 2-a updates for "ak-i “convol ved wi th EPR4

€ |
response, fog ﬂl?zﬁlﬁér %0%%@%&%%? ‘?o o &Hb&JfTéﬁt%‘? tﬁe_aﬂr&%ht 159@?% ge) 13%“9 b

convol ved wi € response ri’ved 1n

same fashi on bits that are to be detected, ax 910, are provided at an input. When reading back the bits

from a recording media, for example, each logical “1” will produce a dibit response, i.e.,
10  two overlapping Lorentzian-like pulses of opposite polarity, whereas a logical “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, sk 914, is combined
with the noise corrupting read back signal, nx 920, resulting in a noisy read back signal,
xx 930. The noisy read back signal, xx 930, is adjusted by DFIR filter 932 and cosine
15  equalizer 940. The cosine equalizer 940 produces the noisy equalized read back signal,
vk 950. A desired noiseless signal, di 970 is derived from the written bits that are to be
detected, ax 910, and the target response, ty 960. Again, the difference between the noisy
equalized read back signal, yx 950, and the desired noiseless signal, dx 970, is an error
signal, ex 980, given by y-dy. However, the tap weights of the DFIR filter 932 and/or the
20  tap weights of the cosine equalizer 940 are updated using the error signal, ex 980 and the
cosine algorithm.
For example, the adaptive cosine function may be used to modify only a DFIR tap
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The coefficient update | oop according to an enbodi nent of the present
invention 15 uses the cosine algorithm The frequency response for an ideal
cosine algorithm conprises a cosine function at |ow frequencies, and total
attenuation at high frequencies. However, the present invention is not
nmeant to be limted strictly to the cosine algorithm for updating tap
coefficients. An adaptive filter according to another enbodi nent of the
present invention nay be inplenmented using a rai sed cosine algorithm The
frequency 20 response for an ideal raised cosine algorithmconprises unity
gain at |low frequencies, a raised cosine function in the mddle, and total

attenuation at, _high frequencies. The wi dt of. the m ddl e frequenci are
et fned byt At o AngTEr HEGTGR: ishdt AP learit. TRuieaisrd IGaT B ok | The
cosi ne equalizer according to enbodi nents of the present invention provides
magni t ude adjfRrdhereasineganaiizer o rAltsinatively; the adartiys §PF8 Fgciemanbsussd thhase
response of the DFIR at the preanble pattern frequency, i.e., 0.25T sync
pattern. Thi snqdifypelthe pamd lspdemetapsef thernosine equatizent aismbaye, mhethenalgagitimy of
timng and gain recovery loops. Fig. 11 illustrates the magnitude 1100 and
phase 1150 greghsdhalsiSrdgoritive, mapbenadet zenhodifetha eapcset foathd DEIRCHilérH82.

equal i zer having the j paraneter 1120 set to zero according to an

enbodi mery  ofStit]ertiive &H€ Adaptity Edtidedinctioh Shaybé uséd eShodfyasoth he tipp@nidr wde 1200
and phase 1250 graphed agai nst the 10 nornalized frequency for the cosine

equal i zer haypig fidfole RRAMAIPARIk Jhane®Ebr IR c%ﬁh@e?ﬁﬁﬁ&rﬁb.”g to an

enbodi nent of the present 1nvention. The process illustrated with reference

(9,71 1112 Ty ANk R S0 o B 6 AOREE £
of the DFIR filter 932 are updated according to wi=w;-g*{(ax.i;)*ex, where g is the update
attenuation gain and f{() is based on the selected cosine function. Thus, when compared

10 tothe LMS algorithm, the cosine equalizer provides a modified tap update equation to
replace xy.; with f(ax.;). However, as described 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

15 the functions 1010. According to Fig. 10, f(ak_i) could be chosen to be aj-ay.i» 1050,
which has ai; cqnvolved with PR4 response 1052. Alternatively, f(ax.i) could be chosen
to be equal to ag.; + ak.i.1 - a2 - ak-3 1060, wherein ay; is convolved with the EPR4
response 1062. Still further, f(ax.;) could be chosen to be equal to ay.ity 1070, wherein ay.;
is convolved with t, 1072 or chosen to be ay.; hy 1080, wherein ay_; is convolved with hy

20  1082.

For each of these embodiments discussed above, the tap update algorithm for
modifying the magnitude response is k = k-g*(f(ax+1)+f(ax.1))*ex. For example, when
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data storage devices 188 illustrated in Fig. 1, or other data storage or
data 15 communi cati ons devices. The conputer program 190 may be | oaded into
menory 170 to configure the processor 172 for execution of the conputer
program 190. The conputer 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 elenents of an enbodi nent of
the present invention. 20 The foregoi ng description of the exenplary

enbodi nent of the invention has been presented for the purposes of
illustration and description. is not intended to be exhaustive or to

23 and var i atibR dre ?%@he. %ﬁig%%%ef?ﬁ LR L S

i ntended that the cope giﬁlnventl n be limted not mnth this detail ed
descri pti on. XPalg8”* G HHn kl Viegnafauks efapl to aci & Fentreehafmel 00 e theesfy: an
equal i zer configured to equalize a digital signal to prOV|de equal i zed
reproduced sifefrta¢ EPR4mspensvilfed. she whsdpiedeenmesdialsted (anfi racdicvi fig) tekeWhen
equal i zed reproduced signals and converting the reproduced signals into a
di gi tal out ptita st gu@ll 070 dhecetdatedbecdmabdkt Ak G ot +10Nak. 1 &1 1) € r Wheny f(ag e awin
wherein the equalizer is inplenented using a coefficient |earning circuit

that adaptivesy thpgbRdecanésit €karth, hal +bhmh eyval iZRorddagsdnepilledinCoOSi ne
function, the coefficient learning circuit adjusting coefficients using a
tap coef fici R art R ARk Eo MRt Abse principles may be extended to other types of filters, such
as E’PR4 filters.
Also, for each of the embodiments discussed above, the tap update algorithm for
modifying the phase response is j = j-g*(f(ax:2)+f(ak.2))*ex. For example, when
10 f(ax)=ak . a.» 1050 as is the case for the PR4 response 1052, the update becomes
j = j-g*(ax+2-ax+ax-ax.4)*ex. The j updates for ay.; convolved with EPR4 response, for ay.;
convolved with t, (the target response) and for ax.; 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
15  usesthe kcosine algorithm. The frequency response for an ideal cosine algorithm
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 algorithm
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
20  response for an ideal raised cosine algorithm comprises unity gain at low frequencies, a
raised cosine function in the middle, and total attenuation at high frequencies. The width

of the middle frequencies are defined by the roll off factor constant Alpha, a, wherein
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having a first parameter, k, for nodifying a nmagnitude response, wherein the
first paraneter, k, is adjusted according to k=k-g*(f(ak+1)+f(ak-1))*ek,
wherein k is the cosine equalizer paraneter for nodifying the nagnitude
response, g is an update attenuation gain, f( ) is a predeterm ned cosine
function, ak+l represents a bit to be detected at tine k+l, ak-1 represents
a bit to be detected at tine k-1, and ek is an error signal based on a

di fference between a noi sy equalized signal and a desired noi sel ess signal.
ry 2. The read channel of claim1l, wherein the coefficient learning circuit
adj usts coefficients using a tap coefficient update equation having a second
par anet er, j,< Lgr nodi fyi ng a phase response. 3. The read channel of claim
2, wherein tﬁeas cond paraneter, j, is adjusted according to j
j-g*(f(ak+2) +f (ak-2))*ek, where | is the cosjne equalizer parapeter for 11]
modi fyi ng the phad8® Fsdjsiqualizegadeerdipg Qs dmgpiseatihe presengventionrvides o
predeterm ned cosine function, ak+2 represents a bit to be detected at tine
k+2, ak-2 repragsisteqdistiant pithBiaearpbasecyighwubmodifyrg khepainggrphase respoase &r r or
signal based on a difference between a noisy equalized signal and a desired
noi sel ess si @rdDFIRPa e @FBandble patten freqiraoy ek,, 020 pynspatgm. drhiepuopériyzen
configured to equalize a digital signal to provide equalized reproduced

si gnal s; snd ba ivpdrehbior delittsihiig thaipadptiey dftiniieg ehd/gdig rdcbeere tbpkl zed

reproduced signals and converting the reproduced signals into a digital

out put signal indirgaf | NfisRitedib dnagh@iRA 190 and phase 1150 graphed against the
normalized frequency for the cosine equalizer having the j parameter 1120 set to zero
according to an embodiment of the present invention.

Fig. 12 illustrates the magnitude 1200 and phase 1250 graphed against the

10  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

15  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.

20 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

Page 23



a recording nmedium wherein the equalizer is inplenented using a coefficient
|l earning circuit that adaptively updates coefficients for the equalizer
based upon a cosine function, wherein the coefficient learning circuit
adjusts coefficients, wi, according to wi=w g*f(ak-i)*ek, where gis a
provi ded update attenuation gain and fOis a predeterm ned cosine function
and ak_; represents a bit to be detected at tine k-i. 5. The read channel of
claim4, wherein f(ak-i) is chosen to be ak ak-i-2, wherein witten bits
that are to be detected, ak are convolved with a PR4 response based upon
the cosine function. 6. The read channel of claim4, wherein f(ak-;) is

chosen to be K it+ak 1 i-aksi.- i.; 3, Wherei.n Ltten bits that are to be
detected.  akidVupifianidbls ifieflon feaneppfefilp o s ERel biubA NorE E oo ne
function. 7. The read channel of claim4, wherein f(ak_ i) is chosen to be
ak-itk, V\/ner@ehn"eml?lf'Peeamﬁ?‘f%(’tt"ﬂﬁ‘td"&rdétailﬁd fRSCiH®ct ed, ak-i, are convol ved
with tk based upon the cosine function. 8. The read channel of claim4,
wherein f(ak i) is chosen to be ak-ihk, wherein witten bits that are to be
detected, ak_i, are convolved with hk based upon the cosine function. 9. A
wavef orm equal i zer that equalizes a waveform of a reproduction signa
obt ai ned by reproduci ng marks and non-nmarks recorded on a recordi ng nedi um
conprising: Page 26 a delay elenment that del ays a propagation of the
reproduced si gnal
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a plurality of multipliers that nultiply predeterm ned coefficients by the
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 multipliers; and an adder that
adds outputs fromthe plurality of nmultipliers; wherein the coefficient

|l earning circuit adaptively updates coefficients for the equalizer based

upon a co e coefficient learning circuit adjusting
coefficieﬁ&gAJI%ﬁéJggagﬁ&goefficient updat e equation having a first
paranmeter, k, for nodifying a nmagnitude response wherein the first

parameter, k, is adjusted according to k=k-g*(f(ak+l)+f(ak-1))*ek, where k
is the cosine équalf&@@iéﬁmaﬂeﬁ@mﬂﬁﬁm nodi fyi ng the nmagnitude response, ¢

i+t ropr osent iy e oBidhad te Lol B SHAACSTRCo TARMAE ol PV

be detechqﬁo&kmds@HMKzﬁd and ek is an error signal based on a difference
bet ween a n0|sy zed si desji red n0| el ess signal . 1Q. The
e o caon o U defeGior At of Grss G theh Exyah et D Repr dicph hpals e 1 ¢

adj ust's cq,%mérﬁﬁgemtes dp&&h[b@d RighAp im0l didifl @ﬁtbum | hdeAU bPdath ABia@na second
paraneter, j, fying a phase response The wavef orm equal i zer of

cl aim 10, EMM@K@mEHRﬁQHSecond paraneter, j, is adjusted according to |

J - g*(f (ak+2) +f (vﬁ-}ére‘ﬁ)t e% a‘i‘f%rr Fs fmsdl(gméntge% ﬁ@ﬁé 4e &?ﬁ@%ﬂtzlgémﬂgn&ﬁmtetgn at fOr

nmodi fyi ng the phase resp tenuat i on is a
pr edet er madeygtivetyo spdutesf wnfﬁmems fak iz eqipaﬂleaehetssd aipbhta tcosibe foettiont €& at tinme

k+2, ak2 re esen s a bit to be det ted at. tine k- .and isS an error
S onal b OB Gl eare it RSN ECTHC g Syne Bqum T Beion wisle SIHER g & ed

noi sel ess 13y @Pa} first parameter, k, for modifying a magnitude response, wherein the first
parameter, k, is adjusted according to k=k—g*(f(ax+1)+f(ax-1))*ex, wherein k is the cosine
equalizer parameter for modifying the magnitude response, g is an update attenuation
gain, f( ) is a predetermined cosine function, ax+; represents a bit to be detected at time
k+1, ax-; represents a bit to be detected at time k—1, and e is an error signal based on a

difference between a noisy equalized signal and a desired noiseless signal.

2. The read channel of claim 1, wherein the coefficient learning circuit
adjusts coefficients using a tap coefficient update equation having a second parameter, j,

for modifying a phase response.

3. The read channel of claim 2, wherein the second parameter, j, is adjusted
according to j=j—g*(f(axs2)+f(ax-2))*ex, where j is the cosine equalizer parameter for
modifying the phase response, g is an update attenuation gain, f( ) is a predetermined
cosine function, ai, represents a bit to be detected at time k+2, ay, represents a bit to be
detected at time k—2, and ey is an error signal based on a difference between a noisy

equalized signal and a desired noiseless signal.
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12. A waveform equalizer that equalizes a waveform of a reproduction signal
obt ai ned by reproduci ng marks and non-narks recorded on a recordi ng nedi um
conprising: a delay el enent that delays a propagation of the reproduced
signal; Page 27 a plurality of nultipliers that nmultiply predeterm ned
coefficients by the reproduction signal and the del ayed signal fromthe

del ay elenent; a coefficient learning circuit that adaptively updates the
predeterm ned coefficients for each of the plurality of nmultipliers; and an
adder that add4 out puedd ehasnsly FENRsIstSal ity of nultipiiers; wherein the

coefficient |egp ”&ﬁﬁliiérr E&Hffgu?ééa% igahizeURdalcrsl GRAA & 8bBYide f QualiZe
equal i zer based upon a cosine function, wherein the coefficient |earning
circuit adgpredused sigedl$;ianflents, w,, according to wi=w, g*f(ak_;)*ek, where ¢

is a provided u . attenuathbon gain.gain and f. i rm.ned
cosine functi oﬁpgﬁ%%élgeEeCtro re|ocrg%a}sb ht g rgceb‘?ﬁg ra}eoe%ueailgee% (5%3? %‘ﬁlcg(i %F%% %rlg 2E’1-di . 13.

The wavef eonveetingathe z&rodiced bighdls indo a\dhigtaboutpiit(sideral JndicatichoBdina stored@n
ak_l-ak-,-2, wherein witten bits that are to be detected, ak_i, are
convol ved aF3%dIBE MRAIUN esponse based upon the cosine function. 14. The

wavef orm equal hagfeiPhe bilaltzdris iMMRIRInRed’ (3Hg ) cdeﬁi&&@ﬂ@ﬁnﬁagdé?ﬁuit%zti +ak-;

-i-ak-rzZ ak-;-3, wherein witten bits that are to be detected, ak_;, are
convol ved adgitivhlyt updaepraefificicps forthsaqualizap based higor esiopiae ffuprtionowherdi8,  The

wavef orm equal i-zer .qf claim 12, wherein f(ak-) i 1o becakys tk,
wher ei n w‘r% ﬁaf %erﬁﬁ%?rftge%rﬁlg are tag]me Cgée léngﬁed?v?’ ﬁﬁ?ﬁr?ﬂgﬁg%o‘%\/%l 5%6‘9*\/?1‘1 h tk
based upormwHekeg is a provided update attenuation gain and f( ) is a predetermined cosine function

and ay—; represents a bit to be detected at time k—i.

5. The read channel of claim 4, wherein f(ax-;) is chosen to be Ak,
wherein written bits that are to be detected, a,—;, are convolved with a PR4 response based

upon the cosine function.

6. The read channel of claim 4, wherein f(ax;) is chosen to be
ap—i+ax—i—1—ax—i——ax-i—3, wWherein written bits that are to be detected, a,—;, are convolved

with the EPR4 response based upon the cosine function.

7. The read channel of claim 4, wherein f(ax-) is chosen to be ayty, wherein
written bits that are to be detected, ay_, are convolved with t, based upon the cosine

function.

8. The read channel of claim 4, wherein f(ax-;) is chosen to be ay—hy, wherein
written bits that are to be detected, ax.i, are convolved with hy based upon the cosine

function.
9. A waveform equalizer that equalizes a waveform of a reproduction signal

obtained by reproducing marks and non-marks recorded on a recording medium,

comprising:
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cosine function. 16. The waveform equalizer of claim 12, wherein f(ak-;) is
chosen to be ak_; hk, wherein witten bits that are to be detected, ak-;,
are convolved with hk based upon the cosine function. 17. A signal
processi ng system conprising: nmenory for storing data therein; and a
processor, coupled to the nenory, for equalizing a digital signal to provide
equal i zed reproduced signals, the processor adaptively updates coefficients
for the Page 28 equalizer based upon a cosine function, the processor

adj usting coef fa|dsiagﬁ!eannsmq@deéanswrows@tmqftwpwﬁa%@él@ahat. on having a

first paraneter, ., alﬁt Oﬁq’gﬁﬁlghﬂ‘g MalTBHHi :12 ggeéigt?ﬁlﬂﬁélﬁecoemn% byt fife T1rst

paraneter, k, is a ju ted acc Ing to ak+1) +f (ak-1))* ek where k
is the cosiepredwloalmgndranpaheadMyed sigoal fropuliht yiekay eleent; magnl tude response, g

kT ropr asent & GOBTD AT cdrebiy Rl REUVAT TR RS, st Rl 7T

be det ect@efmtentslmped@hbfﬂlarpthglkt IQS@nIIﬂéfSOQndSI gnal based on a difference
bet ween a noi sy equallzed si gha desired n0|seless signal. 18. The

signal processiai@ddssdhas aldyougniss ’FYPI?E'Fhe %@h@’crfm%p frbcessor adj usts
coefficients USifgif tﬁ@‘?yl n@ifeﬁﬂ I%hﬁlmeg F’lg%%tgﬁds gﬂ%f@% u‘ﬁﬁat@@%bé}ﬂcént%%f’%

paraneter, j, for g a phas he signal processing
syst em of egbaizer 1‘t8§ed/\m@mem cobige sisodiva, ghe aveffeient lparnlng am?lufstaé]dstatgcor di ng

o) D R A b Bt ke b OO AR TRl RIS
modifying a magnitude response, wherein the first parameter, k, is adjusted according to
k=k—g*(f(ax+1)+f(ak-1))*ex, where k is the cosine equalizer parameter for modifying the
magnitude response, g is an update attenuation gain, f( ) is a predetermined cosine
function, ayy; represents a bit to be detectecfit at time k+1, ax; represents a bit to be
detected at time k—1, and ey is an error signal based on a difference between a noisy

equalized signal and a desired noiseless signal.

10.  The waveform equalizer of claim 9, wherein the coefficient learning
circuit adjusts coefficients using a tap coefficient update equation having a second

parameter, j, for modifying a phase response.

11.  The waveform equalizer of claim 10, wherein the second parameter, j, is
adjusted according to j=j—g*(f(as2)+f(ai-2))*ex, where j is the cosine equalizer parameter
for modifying the phase response, g is an update attenuation gain, f( ) is a predetermined
cpsine function, ay;, represents a bit to be detected at time k+2, ay— represents a bit to be
detected at time k—2, and ey is an error signal based on a difference between a noisy

equalized signal and a desired noiseless signal.

12. A waveform equalizer that equalizes a waveform of a reproduction signal
obtained by reproducing marks and non-marks recorded on a recording medium,
comprising:

a delay element that delays a propagation of the reproduced signal;
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predet erm ned cosi ne function, ak+2 represents a bit to be detected at tine
k+2, ak-2 represents a bit to be detected at tine k-2, and ek is an error
signal based on a difference between a noisy equalized signal and a desired
noi sel ess signal. 20. A signal processing system conprising: nmenory for
storing data therein; and a processor, coupled to the nenory, for equalizing
a digital signal to provide equalized reproduced signals, t he processor

adaptivel y update coeffjcients for the_  equali zer . ed on co
function, wher & R ﬂgycoéfmwleplesi tF‘%taF‘?ﬂl’i‘iﬂchrFé‘ﬁF‘?m% geplloteatse i Beent s, w

, accor di Q%r&&cWoWs@nfil(aﬂKthe)&%ed YRRl €ofh the delapEieMbated Updat e attenuation
gain and and fOis a predeterm ned cosine function and ak-; represents a bit

to be detected &Defiﬁpmt Kleprningagércgio that * aaptivlyynepdagss o dless siredgteryintedm of
cl ai m 20, %@@cﬁh@iﬁo Eo?ﬂﬁ%hﬁgﬂ§gpmhﬂ1 ? %1 _; ak_ i _2, wherein witten bits

that are t0 & conv With a PR4 response based upon
t he cosine funehtadxihrtI%?addEhﬁt}ﬁxtgmhﬂw}ﬂmeﬁsfldﬁgnﬂty;ﬂteem of claim 20, wherein

f(ak_i) is chosen to be i.+ak-i-|-ak-i rein.witten bits that
are to be detedYsEn ghe Foeeflé léntclﬁ?mmgv@EFUItvﬁdsﬂtl‘f% E% F%‘gg?}ﬁ%l% Wa¥d upon
the cosi neqhalnet bABd u§§n a [d38ind IfGRFbn pﬁrﬁé‘r@’%&hé‘@oe‘fﬁ&%ﬁﬂe%n@ éifc'iilt%@;ustéher ein
f(ak_ i) is chosen to k-1tk, wherein witten bits that are to

det ect ed, cagfficientsy evic cmwrrimed tawi WiFwke *as ot piere thes cospraeided, rimdia@n 24,

The si gnal attQIEU%ﬁgl\?\;%nBt %defgn) ?{1 ﬂ etg}nglge%m%teﬂgg%t gﬁalf}d a}m E%re%%ﬁ? &Bit © be

ak-i hk, wherein ar e ak-1 convol ved
with hk basbddmmmammek—l.

13.  The waveform equalizer of claim 12, wherein f(ax-i) is chosen to be
a-—ax—i—», wherein written bits that are to be detected, ai—;, are convolved with a PR4

response based upon the cosine function.

14.  The waveform equalizer of claim 12, wherein f(ax-i) is chosen to be
ai—ita-i-1—a-i——ak-i-3, wherein written bits that are to be detected, ay—;, are convolved

with the EPR4 response based upon the cosine function.

15. The waveform equalizer of claim 12, wherein f(ax-i) is chosen to be a,it,
wherein written bits that are to be detected, ax-;, are convolved with tx based upon the

cosine function.

16. The waveform equalizer of claim 12, wherein f(ax-;) is chosen to be ay-ihy,
wherein written bits that are to be detected, ay—;, are convolved with hy based upon the

cosine function.

17. A signal processing system, comprising:
memory for storing data therein; and
a processor, coupled to the memory, for equalizing a digital signal to provide

equalized reproduced signals, the processor adaptively updates coefficients for the
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the cosine function. 25. A magnetic storage device, conprising: a magnetic
storage nedium for recording data thereon; a notor for noving the nmagnetic
storage nedium a head for reading and witing data on the magnetic storage
medi um an actuator for positioning the head relative to the magnetic
storage nedium and a data channel for processing encoded signals on the
magnetic storage nedium the data channel conprising an equalizer
configured to equalize a digital signal to provide equalized reproduced
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det ect ed atudlizedsigndl andak désircé poisalesstsignal. bit to be detected at tine k-1, and
ek is an error signal based on a difference between a noisy equalized
signal and a desired noi sel ess signal. 26. The nmagnetic storage device of

claim 25, wheregn tige eighal pré&issiaslisysddn® of claim 17, wherein the processor adjusts

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

modifying a phase response.

19.  The signal processing system of claim 18, wherein the second parameter,
j, is adjusted according to j=j—g*(f(ax+2)+f(ak—))*ex, where j is the cosine equalizer
parameter for modifying the phase response, g is an update attenuation gain, f( ) is a
predetermined cosine function, ax+, represents a bit to be detected at time k+2, ax—
represents a bit to be detected at time k—2, and ey is an error signal based on a difference

between a noisy equalized signal and a desired noiseless signal.

20. A signal processing system, comprising:

memory for storing data therein; and

a processor, coupled to the memory, for equalizing a digital signal to provide
equalized reproduced signals, the processor adaptively updates coefficients for the
equalizer based upon a cosine function, wherein the coefficient learning circuit adjusts
coefficients, w;, according to wi=wi—g*f(ai(_i)*ek, where g is a provided update
attenuation gain and and f( ) is a predetermined cosine function and ax_; represents a bit to

be detected at time k—i.
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coefficients using a tap coefficient update equation having a second
paraneter, j, for nodifying a phase response. 27. The magnhetic storage
device of claim 26, wherein the second paraneter, j, is adjusted according
to j=j-g*(f(ak+2)+f(ak_2))*ek, where j is the cosine equalizer paraneter
for nodifying the phase response, g is an update attenuation gain, f( ) is a
predeterm ned cosine function, ak+2 represents a bit to be detected at tine
k+2, ak 2 represents a bit to be detected at tinme k-2, and ek is an error
signal based orla dilffsie@Abroceseingsxsier of slaiy 28qwhseine@@rsi Grehosemn@ b desi r ed
noi sel ess ag—!i%‘f%‘—l ; wREeir WRBED 81 ha bR BAR GRAHGE a, C WP EIRIORGd VAHTRPRAL I C
storage nedium for recording data thereon; a notor for noving the nmagnetic
st or age nadipange tasdgdeupgnfilor cosmgdinegiomnd writing data on the magnetic storage
medi um an actuator for positioning the head relative to the magnetic
storage nedium and a data channel for processing encoded signals on the
magneti c st orag@e. medhuRignal frecedsing sgdtan B€ klaio 2Py wWhemsih &a P tiuctoseeto be
configured to equalize a digital signal to proviae qualized repr oduced
signal s arfEATT Jrid ddiet SHEEHN YYPKHI Bits Jhat ase &9 b Agfettrd akeqiigIcPn¥ived
reprOduce_q)viﬁ{ﬂ@@bﬁfl%&?pﬁé&%‘é@édtdg%i&tﬁJk%sﬁ@l?ﬁrﬁgH&ed signals into a digital
output signal indicative of data stored on a recordi ng nediunt wherein the
equal i zer is i2dpl efbatsignaluprioersysiag spwén iof claim 20ewheremgt(@d-» éuthosenhigtbe

adapti vel y updates coefficients for e.equal i zer base i ne
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, accor di nhe ¢asing fmvetiog* f (ak_; ) *ek, where g is a provided update attenuation
gain and f( ) is a predeterm ned cosine function and ak; represents a bit to
be detected at tine k-i.

24.  The signal processing system of claim 20, wherein f(ax-;) is chosen to be

ai-ihk, wherein written bits that are to be detected, ai;, are convolved with hy based upon

the cosine function.

25. A magnetic storage device, corrifarising:

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 learning circuit that adaptively updates coefficients for
the equalizer based upon a cosine function, the equalizer adjusting coefficients using a
tap coefficient update equation having a first parameter, k, for modifying a magnitude
response, wherein the first parameter, k, is adjusted according to
k=k—g*(f(ar+1)+f(ak-1))*ex, where k is the cosine equalizer parameter for modifying the

magnitude response, g is an update attenuation gain, f( ) is a predetermined cosine
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i1 Page 31 29. The magnetic storage device of claim28, wherein f(ak-j) is
chosen to be ak ;-ak_ i_2, wherein witten bits that are to be detected,
ak-j, are convolved with a PR4 response based upon the cosine function. 30.
The magnetic storage device of claim28, wherein f(ak-j) is chosen to be

ak-; +ak-;-i-ak-;-2-ak-;-3, wherein witten bits that are to be detected,
ak_;, are convolved wth the EPR4 response based upon the cosine function.
31. The gnetlc st or age deV|ce f(élai wgereln f(ak-Jis chos n to be
ak-tk, wheTISHfn\it FBIFSHIE & RihiR bgdstectyd Sl EPrgsents Asbik o) ved
W th tk b

cl ai m 28,

functi on.

AsREted RPAmet 08, GAS NS Al REbI ggnal?o%sedT&e alBEBRhéCb&iveErgfofevi ce of

wherei n fﬂak- )is chosen to
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26.  The magnetic storage device of claim 25, wherein the equalizer adjusts
coefficients using a tap coefficient update equation having a second parameter, j, for

modifying a phase response.

27.  The magnetic storage device of claim 26, wherein the second parameter, j,
is adjusted according to j=j—g*(f(ax2)tf(ax—2))*ex, where j is the cosine equalizer
parameter for modifying the phase response, g is an update attenuation gain, f{ ) is a
predetermined cosine function, ayx:, represents a bit to be detected at time k+2, ax—
represents a bit to be detected at time k—2, and ey is an error signal based on a difference

between a noisy equalized signal and a desired noiseless signal.

28. A magnetic storage device, comprising:

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 learning circuit that adaptively updates coefficients for
the equalizer based upon a cosine function, wherein the coefficient learning circuit
adjusts coefficients, wi, according to wi=w;—g*f(ay—j)*ex, where g is a provided update
attenuation gain and f( ) is a predetermined cosine function and ay—; represents a bit to be

detected at time k—i.
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29.  The magnetic storage device of claim 28, wherein f(ax—;) is chosen to be
a-i—ax—i—2, wherein written bits that are to be detected, ac-, are convolved with a PR4

response based upon the cosine function.

30.  The magnetic storage device of claim 28, wherein f(ax-;) is chosen to be
a-itak-i-1—ak-i-2—ak-i-3, wherein written bits that are to be detected, a;, are convolved

with the EPR4 response based upon the cosine function.

31.  The magnetic storage device of claim 28, wherein f(ay-i)is chosen to be
ax-tx, wherein written bits that are to be detected, ax-i, are convolved with t, based upon

the cosine function.
32.  The magnetic storage device of claim 28, wherein f(ax-;)is chosen to be

ax—ihx, wherein written bits that are to be detected, axj, are convolved with hy based upon

the cosine function.
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