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BACKGROUND OF THE INVENTION

A typical data storage system includes a
magnetic medium for storing data in magnetic form and a
transducer used to write and read magnetic data
respectively- to and from the medium. A disk storage
device, for example, includes one or more data storage
disks coaxially mounted on a hub of a spindle motor. The

- spindle motor rotates the disks at speeds typically on the
order of several thousand revolutions-per-minute. Digital
information is typically stored in the form of magnetic
transitions on a series of concentric, spaced tracks
comprising the surface .of the magnetizable rigid data
storage disks.  The tracks are generally divided into a
plurality of sectors, with each sector comprising a number
of information fields, including fields for storing data,
and sector identification and synchronization information,
for example. _

The actuator assembly typically includes a
plurality of outwardly extending arms with one or more
transducers and slider bodies being mounted on flexible
suspensions. A slider body is typically designed as an
aerodynamic lifting body that lifts the transducer head
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off of the surface of the disk as the rate of spindle notor rotation

i nct ease®, and causes the head to hover above the disk on an air-bearing

pr oduced by ki gh speed disk rotation. The distance between the head and the
di sk surface, typically on the order of 50-100 nanoneters (nm), is commonly
referred to as head-to-di sk spacing. 5 Witing data to a data
storage di sk generally involves passing a current through the wite el enent

of the transduceyFrassenehy téixﬂffaﬁﬁ.b'c@f megeetdieK i 4eStRE flabe \MS'fCQplndle
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a
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enbedded servo patterns are bet ween t data storing sectors of

each track. It PRERABIOYVREL tﬁ’ese‘F‘?/'Ef"%’e‘?;‘-? ofigkpisguniareyonhe ninteraction
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Wthin the data storage sytem ctu dustry h attention..s

presently being focused on ?rhv rf{ﬁxﬁfgei s t SEREFRIY,

Al t hough the employ a closed- loop servo control system for positioning
the read/write transducers to specified storage locations

on the data storage disk. During normal data storage
system operation, a serxrvo transducer, generally mounted
proximate the read/write transducers, or, alternatively,
incorporatéd as the read element of the transducer, is
typically employed to read information for the purpose of
following a specified track (track following) and locating
(seeking) specified track and data sector locations on the
disk.

In accordance with one known servo technique,
embedded servo pattern information is written to the disk
along segments extending in a direction generally outward
from the center of the disk. The embedded servo patterns
are thus formed between the data storing sectors of each
track. It is noted that a servo sector typically contains



MR head, typically incorporating an MR read elenent and a thin-filmwite
el efrent , #woul d appear to provide -a nunber of advantages over conventional
thin-filmheads and the like, it is known by those skilled in the art that
t he advantages offered by the MR head are not fully realizable due to the
present inability of data storage systens to acconmodate a nunber of
undesirabl e MR  head characteristics. 3 In particular, M

el enent transducers introduce a distortion in the sensed magnetic signal,
whi ch typical | y repEesEnt #fddatar 96Eed itervedntd ofexyor bursh @amm,l c

storage disk. Rmedi S;bOHnIaQﬁtIaQnt h@pﬁﬁsmt 20 igriedt Iéfcaw@dx@é
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al ong the width of the MR el enent_which has en 1d

contributing fadeRtIiatir cAnde fists arevar§eflg sevekdentifbepdhs ng
on the magnit udeoedt idwe mﬁgﬂeéltramgmadzeﬂl stortion |ntroduced by the MR

el enent, servo sector inf o] np nter reted
or unreadabl e, resulting ‘?#?#é &glsem tolxﬁ% %ﬁsg?ml &agl
control or, in kdustmgesruan aweéttrmcevam Brlesssttév baingafocysed avh cl:rha he

di sk. use of an MR element as a read transducer.? AH;hougHAEPe
consi der abl e anDu t of |ndust attention and resources have been

continue to bd? de' PR %IW%@%@W&‘F@@?@@%&? slanpnthgngd a
el i m nating thetmauﬁmmwhtefémménassmmmeabméfl @o%ﬁdﬁd@(h FRGE T C

dback | S t db | db MR -
{ransducer has Hor So0rBFabBE. Vhe i i 1oy  ErgP ot I Bedfe. s hit
wi thout a full kipeecitt iien kifowhebyesporee sifililied N ethmeartt dchadr Vil .
i nfluences encolNShesgub tdEfelidd xsap%?é mgheaal LLENESE - ftfﬁl}yefea[]{lozabl

satisfactory so tlon ‘has been found elim nate or subst ant uce
the magnetic siYHl tQi Ehe; tﬂrﬁ?eqtnt%réﬁ:ﬁﬂc]ebt%fﬁn REacEERERTE systens TRre
exits a keendgcdmhddaeed i a t henskdder st asfige apdesinrapbauf aefrRur i Ngead
comunity for d nmethod for elimnating the undesirable
distortion to :éh%%%g%%}yét%ggdback signal induced in an el enment. There
exists a further need to Ppropayeicylen, dipelenert trrnsducernssimtraducear e

suitable, as wed| @sst8+0iBAW §¥%St @HedeHelid®ed magnetic signal, which
typically represents data or servo information stored on
a magnetic storage disk. The distortion to the magnetic
signal is caused by many factors, including a number of
undesirable characteristics inherent in the MR element and
‘the specific configuration and orientation of the MR
element when incorporated into an MR transducer assembly.
By way of example, it is known that a typical MR element
exhibits variations in read sensitivity along .the width of
"~ the MR element which has been identified as a contributing
factor to servo control errors of varying severity.
Depending on the magnitude of the mwmagnetic signal
distortion introduced by the MR element, servo sector
information may, for example, be misinterpreted or
unreadable, resulting in the possible interruption or loss
of servo control or, in some cases, an irretrievable loss
of the data stored on the disk.



SUMMARY OF THE | NVENTI ON It is an object of the present invention
toramel Forate one or nore di sadvant ages of the prior art.

According to one aspect of the present invention there is provided a nethod
for processing a signal obtained froma storage nmedi umusing a

magnet oresi stive (MR) elenent, the nmethod conprising the steps of:

readi ng the signal fromthe storage nedi urrflusi ng the MR el enent, the signal
conprising a thermal conponent response of t he

entin
el enent ; hi ghpas® FPF"P&FFE’@gﬁ'ﬁeag‘P ﬁ‘&l nau?ﬁrﬁaé t%’&ﬁ%‘éﬂtaﬁﬁl‘th he
si gnal above arkepbairceangkavé Hereaqueandescmtsnmat ¢o vibe h telxpenidedmato

component of t Qg shgnals 3¢ ik ﬁg&%g%ehhgttQ@ﬁﬂahngCnggﬂgﬂingéih&ethe

signal ; and
passing the hi gepadgentadeedfentshaaserkanath wth @ edsetorted  mAgneRica

][elsrionse subst-aaigbaldky é:[b&ﬁiﬁe t @uel easmftsletmsosnaeegkaudﬁadmeshggamass
iltering step Rro tore st
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st orage nedi umcollectlveaqacords ngtmdmtaﬂvé-le aspese of wikboptesent full
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a storage nedi 0 Using a magnetore5| tive é el enent, met
conprising the l@tfé-p@rkﬂes encountm@falwtkm 3 ﬁnﬁPeﬁ-BH‘BhSn&l&'P&&Snﬁedl um

using the MR e'A%HE%tlthﬁoS|Qaﬁisfﬁeﬁbwﬁﬂiﬂl@tidﬂﬂr s ccuamﬂﬁrfbund to
representing a thernmal res of the el e ass] e, signal
through a ci rcTHRAYR 8 hlﬂﬁb%%%ntfi'? r%‘ vF§ %ﬂét:tc 39_
content of the@@qﬁ;_zaiﬁmmﬁﬁuﬂuanﬂﬂhmtamd%@mwth t he thermal
conponent of the si.gnal 0c428ER0% | REhIP! T CORROAC N Ak NBata

signal ; and passi ng e signal through”an i1nverse filter having a
response subst AGXAdS $YTEeBemanyIactaxdngs CORTBHILH kP% R ERPAFAFNFass

filtering behaydaimedhddersir €Vihihat ph§duRe andesirable distortion to
a magnetic readback signal induced in an MR element.
There exists a further need to provide such apparatuses
and methods which' are suitable for incorporation into
existing data storage systems, as well as into new system
designs. The present invention is directed to these and

other needs.
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restored thermal signal substantially representative of the thernal
conponent of the signal read fromthe storage nmedium According to
still another aspect of the present invention there is provided a nethod

. for processing a signal obtained froma storage nediumusing a
magnetoresistive (MR) elenent, the nmethod conprising the steps of:

readi ng the signal fron1the'storage medi um Using the MR el enent, the signa
conprising a thermal conponent resenting a thermal response of the MR

el enent ; nodi fyi ng t he sF LulR TRE: INNENTRONnal conponent of
t he signal i s degraded; and

6 th f
(IR fil  hassing the mod gﬂfore s i3 w,;s 38 &A %@59?4:&?%& dSRapse

produce a re t her mal
representative ofoX Heeadih o’d?ﬁfb‘ﬁ@ﬁlw Sltgf@lsfgfr?a? & é‘hﬁﬂﬁertdrﬁ t§forage
storage nmedi Um medium ud€Agr & ﬁ&érﬂéﬁdﬁéélﬁi’w&e(MH‘ﬁpéan@htt hendd ESeitg

I nvention there i.s provided t.hod for.proc ssin a Shang alned fyom
a storage nemlﬂﬁ2%| bgﬁaﬁaf ln%&ﬁ%t?v§h ; ehgknggﬁ al
conprising the stepsesgnting a thewwdhg néﬁpmsynabff riohe t MR sebeagatrrab um
using the MR el ed@g?ilf-adé&'e §h8Nah t eTITR 'tH s {BLEE L 5£gRATPLRE Produce a

associated with rst _range of frequencies and a _thernal conponent
representing a tFRfYR¥ed e§ﬁ§ﬁ§éhﬁs%9&?%#?@?%%%%?1a11y reprggesntadivent eht

of the signal assifeitherfmal t Fompenént sdf et el roforfvieliem cs Egnsl aredd af ro he

t hermal conponent, of the_si degr aded; and passi ng content of
t he signal beIoGF?%es??¥%?eg%§éﬁu§f frequencies to produce a restored -

thermal signal substantial Theripfeoeat ton wigfal Hadueedrin thepReslenént he
signal  read fronyt gt B9 8CFLYN the MR elﬁ&%?%%é‘gaﬁ Oafr? |d] e QOPEREES

aspect of the present Invention there i's provi nmet hod roce55|ng
a signal obtai netRE} onFireedE ag‘érnelﬂ?%%m%vwgragﬁ‘]et}b*%@?%??v ¥Mpgring
el ement, the netheaeDoBl | STHE AR evothARS pabses content of the information.

signal other than the thermal component content, thereby
degiading the thermal component of the information signal.
An inverse filter receives the highpass filtered
information signal from the AE module and produces a
restored thermal signal substantially representative of
the thermal component of the information signal. The
inverse filter, preferably implemented using an infinite
impulse response (IIR) filter, has a - response
substantially inverse to that of the effective highpass
filter of the AE module. The restored thermal signal may
be used to detect disk surface defects and topographic
variations, and may be utilized for other systemic and
diagnostic purposes, including disk surface defect
characterization, error correction; and predictive failure
analysis.

In accordance with one embodiment, a signal
summing device is coupled to the AE module and tgg inverse
filter for receiving a restored thermal signal from the
inverse filter and a composite signal from the AE module.
The composite signal read from the storage medium using
the MR element includes a thermal component and a magne;ic

_—
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reading the signal fromthe storage nediumusing the MR el enent, the signa
conprising a thermal conponent representing & thermal response of the MR

el enent el enent; passi ng content of the signal above approxi mately
500 kil ohertz such that the ther mal conponent of the signal is degraded;
and 6a rejecting

content of the signal above approxi mately 560 kilohertz to pr oduce a
restored thernal signal substa |aII\é aSpresent,atlvg of the tg

conponent of t hECBPHRENE -r ead onPifBadt oFYRRiREi gfVice SR@EBI"G‘Ilﬂ-Qto
still another aepéntinateshdher ¢hemrmalneenpooenthefethe poopbdétieasigeatiiod
for processing @hi%ﬁnabtﬁg 1’&%0' fdl%'E‘o&}t%t OBilgemG&QiHEb Si pfled composite

;
magnetore5|st|ve he nmprisin estes 0} rea

the signal fronﬁﬂ-ﬁéaé-t'or%esuh’r'é’a?‘aﬁi-ﬂgl FlBet I’F@SIVRréF’eﬂ%}ﬁrmat]heS%ﬁ!’%hl £zom
conpri sing servehentompalsitve s:.gnal somag tyi pgotiheesagaalstauéa imghetic

thermal conponent of the n re I, f_the MR
el enent is degrgtljg(zjl and ﬂlg % Stgr%e?et%el{}%e mﬁglﬁ%‘ggl g’nzﬁwt%e%r% uf® a
restored ther mabutpygtalofubbeanmivetse febtr@senndt ithe oteﬁmredaemnsnetic
conponent of thejghgnal ;& eagfiiamal e Shar aqs girdi ym tthlae si&ﬁé?r%ﬁnﬁdi‘%{gm'
signal representiing the servo information. According to stil

anot her aspect gevige - ‘present invention there is provided a nethod for
processing a signal obtained froma storage nmedi um using a nmagnetoresi stive
(MR) elenent, the nethod conprising the steps of: readi ng the
signal fromthe storage nmedi umusing the MR el enent, the signal conprising
a magnetic conponent and a thermal conponent representl ng a thernal
response of the MR el enent; ... - nodi fyi ng the signal such that the

t hermal conponent is degraded; ‘altering the nodified signal to
produce a restored thermal signal substantially '
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representative of the thermal conponent of the signal read fromthe storage
medi um ;and extracting the nmagnetic conponent fromthe signal by
subtracting the restored thermal signal fromthe signal.

6b _ According to still another aspect of the present invention there
is provided a signal processing apparatus for an i nformation storage

devi ce including an infornation storage nedium conprising: a transducer,

i ncluding a magnetoresistive (MR) el enment, for readlnﬁéﬂa signal fromthe

storage medium the signal BB#EFi BEAGRAPTRENNAF TEEOBRAWINGS resenting a
t hermal response of the MR el enent; a circuit, coupled to the

transducer, that nodifies the | naI aS h !5&5299? 0t
the signal is degraded; a g9- i AE gi k %3a§Q§Pe% gﬁ{ clrcult an%
having a responeﬂtraqbsnanal&hquaiwﬂkﬁﬁak)apdfaImﬁgnﬁﬁf¢e§$ﬁﬁék fromnpa

circuit, that DEQQHBSE-ka rlaafaqr A Bl SnoMR h&aaqt antlal ly
representatlve of the therjml é%gponent of the S|gna read fromthe sEorag

medi um using the S|gnal Feei rBnFPRe VAW @ 2 data stoXads (PYELED
still another aspentiek Uppepr deemting)wemeroreoyed;i s provided a signal

processing apparatus for an lﬁfﬂ{guéo§1§%oafggrgﬁviffugeféyﬁhggaaaethod

i nformation storage nmedi Um® conpri si ng a transducer, ~including a
magnet or esi st i vEofVRptalishne “&&%ﬁﬁ%&gaasﬁéﬁﬁmaﬁr§ﬁ9nﬁﬂe°§PBP&§€t °

medi um the S|ggagég@p@aﬁygﬂéﬁhﬁhernal conponent representing a thernal
response of the MR el enent

t | h
that nodifies the signal. sF‘G(ﬂ”r thie Fh@ﬁ?;{gglﬁa‘i’f %%&# |t §%&t rd'?gsgg'%%g‘nd
an infinite i npynsean RPAER] (dxtbitinera mmmdm the begeling; t hat

produces a t dth I
S restore er | 34§n§%a§u%§18%h?2 LRPrESS %%kvglﬁ{naﬁ.h%f

t her mal - conponent of the o age nedi um usi
signal recei vedFiigom4 hexbilbd¢iing a restored D C. baseline after being

processed by a signal separation/modulation module;

Fig. 6 1is a showing of a thermal signal
extracted .from a readback signal induced in an MR element
at a particular track location, ard a readback signal
obtained from the same track location after AC erasure of
the magnetic information;

Fig. 7 is an exaggerated side view showing a
data storage disk exhibiting various surface defects and
features, and a thermal response and magnetic spacing
response of an MR element to such defects and features;

Fig. 8 is a showing of a readback signal
indicating a head-to-disk contact event;

Fig. 9 is a block diagram of a signal
separation/modulation module for extracting a thermal
signal and a magnetic signal from a readback signal
induced in an MR element, and for restoring the D.C.
baseline of the magnetic signal;

Fig. 10 is a block diagram of a signal
separation/modulation module for restoring the D.C.
baseline of a magnetic readback signal;

Fig. 11 is a block diégram of a system for

selectively communicating a readback signal to a signal



6c . According to still another aspect of the present invention there
I's provided a signal processing apparatus for an information storage
device including an information storage nedium conprising: a
transducer, including a magnetoresistive (MR) elenent, for reading a signal
from the storage nedium the signal conprising a thermal conponent
representing a thermal response of the MR 8l enent; acircuit,
‘coupl ed to the transducer, that nodifies the si gnal such that the thernal
conponent is de§P§é§thé’ﬁdrESt°ratlaW medudiere | npul se response (11 R)

filter, coupled to the cirdg.t amd :’nrlﬁg;ftﬁfﬁﬁ’s t @hehanfg®i :1@8P0RSA phase
substantlally | to t response of the clrcuit,, that produces
a restored the?r%% gllsﬁng sulf‘)'? ?la‘P by ?eﬁ:reesspe?ﬁ |@6{R§f fg-ﬂgeg-’hgﬁggt in
conponent of tha signal Sﬁ@&d‘atﬁ@m/mtgr@tag’@ mediudm;usi ng t he signal

received fromthe circuit pigg. égcongqg)to ahbl | 13n@y hege ggg%vgﬁ t he
present invention_ there is rOV|deé gnal_~ "processi ng appar

i nfor mation st ok&GUBE&ERAE e nEFﬁGPﬁ& ar?lt‘-’rﬁét;r miRfbFedt dfag@t MBd

clorrpri si ng: restoxed aagdetir, signhldédmpenem et Ctthestr&hkibackl\/gignal

el ement, for re ng ko 9 a i. wm g, l.gral ising_a therm
corrponent repr eggﬁt | n%l a%%r%’?% esglgﬁg% ?ﬁ'gh Fé@gﬁbeﬁ#heoﬁhegﬁgl

conmponent of th¥esdpask t?é@i@lassom ated w t h a first range of

frequenci es; a Ci rﬁ‘gt 1@0Uﬁﬁﬂséx€héé1§ Eh@”%ﬂé’éﬁitu&@atarﬁﬁs Hase
content of the Si %nal abov the fj ré e of 5 venci iand degr ade
~ the thernal conp& é’ﬁtnsean a fi IYRCo tSl cPPERi 22 ¢t Fat [5&?93:3

content of the sem&iat&mﬂmﬁwi'auﬂdn trduﬂu‘ljer,st range of frequenmes to
produce o restored ther mlegg 95l piiapil] b SRECREIRILES Sl Base
response of the hlghpass filtering behav1or of a typical
AE module;

Figs. 16 and 17 respectively show a comparison
of the magnitude and phase response of the highpass
filtering behavior of a typical AE module and an inverse
filter having a transfer function inverse to that of the
-effective-highpass filter of the AE module;

Fig. 18 is a signal flow diagram representative
of the inverse filter of Figs. 16 and 17;

Figs. 19(a)-19(c) show three waveforms caused by
a disk surface pit produced at different processing points
within a signal separation/restoration module;

' " Fig. 20 is a showing of close correspondence
between magnetic and thermal head-to-disk spacing signals
associated with detection of a disk surface defect;

Fig. 21 is a block diagram of another embodiment
of a signal separation/restoration module employing an
infinite impulse response (IIR) filter;

Fig. 22 is a showing of magnetic and thermal
spacing signals associated with a head-to-disk. contact
avent;

Fig. 23 1is a block diagram of a defect
classification circuit; and



6d According to still another aspect of the present invention there
I s'provirded a signal processing apparatus for an information storage
device including an information storage nedium conpri sing: a
transducer, including a magnetoresistive (MR) elenent, for reading fromthe
storage nedium a signal conprising a thermal conponent representing a
thermal response of the MR el enent; 9 acircuit, coupled to the
transducer, that passes content of the_signal above 500 kil ohertz and
degrades the thermal conporfent2biif R Q‘@%a‘li,la%ﬁﬂm of an eyrpr| ggCOvVEF I ed
to the circuit prdwaise ejsdiotes tdenttdmdrnef] tdisgmilgred aabmeeltE ik kdigheYz to
produce a restored thermal signal substantially representative of the

t hermal conponent of the signal read fromthe storage medi um

According to still another aspect of the present invention there is
provided a signal procesYAIYLE DESURIPTION JF iTHE EMBODIMENTE age devi ce
I ncl uding an infornmation storage nedium conprising: a transducer,

i ncluding a magnetoresistive (MR) elenent, for reading fromthe storage
medi um a si gnal conpri si efentiagrgral newnptrenttheeprdssnings aanter nmiore
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substanti al | y megressic asignabf componendésndirawnpbecinfotmabdog gignakad

fromthe storaggdlidileic sigrnal is processed to remove the influence
of the thermal signal component from the magnetic signal.
The thermal signél, which is typically degradéd by the AE
module 74, is restored by the signal
gseparation/restoration module 76. The two independent
magnetic and thermal signals may then be utilized to
enhance the operation, performance, and reliability of the
data storage system.

In Fig. 1, a.magnetoresistive (MR) element 72 is
shown in close proximity with a surface of a data storage
disk 24. The information read by the MR element 72 from
the disk 24 is generally referred to herein as a readback
signal. The readback signal produced in the MR element 72
is typically amplified by the arm electronics (AE) module
74 . The AE module 74 typically exhibits a highpass
filtering behavior that distorts the phase and amplitude
of the thermal signal component of the readback signal.
This thermal signal component distortion wvaries in
severity depending on the frequency and phase response of
the particular AE wmodule 74 employed. The signal
separation/restoration module 76 includes an inverse
filter having a response substantially inverse to that of
‘the effective highpass filter of the AE module 74. The
restored thermal signal is @ produced by passing the



e According to stilt another aspect of the present invention there
I siproviided a signal processing apparatus for an information storage '
device including an infornmation storage nedium conprising:. a
transducer, including a magnetoresistive (MR elenent, for reading a signal
from the storage nmedium the signal conprising a magnetlc conponent and a
thermal conponent representing a thernal zsponse of the MR el enent;
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substantially regresen atrve o rmal corrponent of the conposite
signal ; and storage system’ maladles, including servo control errors

and.inaccurécies, causing a reduction in data storing and
retrieving reliability, and, 'in some cases, an
irretrievable loss of data.

As discussed previously in the Background of the
Invention Section, a considerable amount of industry
attention and resources have been expended to fully
comprehend the nature and origins of the undesirable
readback signal baseline modulation. As will be discussed
in greater detail hereinbelow, it has been discovered by
the inventors that the readback signal 60 is a composite
signal comprising independent magnetic and thermal signal
components, and that the low frequency modulation in the
readback signal is, in actuality, an independent thermal
information signal component of the readback signal 60.
It has further been determined by the inventors, as will
also be diséﬁssed in detail hereinbelow, that undesirable
readback signal 60 modulation can be eliminated or
substantially reduced in magnitude, thus providing for a
virtually pure magnetic signal representative of data orx
servo information. '

Importantly, the up-to-now bothersome thermal
signal component of a readback signal, referred to
generally herein as the thermal signal, also includes an
informational content which may be. extracted from the



6f a signal summ ng device, coupled to the circuit and the filter,
that substantially elimnates the thermal conponent of the conposite
signal by subtracting the restored thernmal signal fromthe conposite
signal to produce a restored nagnetic signal. According to still
anot her aspect of the present invention there is provided a signal
processing apparatus for an information stardage device including an
information storage medium conprising: a transducer, including a
magnet or esi st i veegdpck| egdanalf o6 0r egdichg UWtddizede fowor &ge vieediafif a ©
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69 ‘ defect detection and screening, e_rror correction, and
predictive failure analysis (PFA), for example. -

The apparatus illustrated in Fig. 1 may be

included as part of the design of a new generation of data

storage systems which exploit the availability of a

restored, hon-modulated.magnetid readback signal 61 and an

independent restored thermal signal 63, and may also be

incorporated into existing data storage systems using

standard MR heads as part of a retrofit program. In

general, and as illustrated in Fig. 2, a data storage

system 20 employing MR transducers typically includes one
or more rigid data storage disks 24 which rotate about a
spindle wmotor 26. An actuator assembly 10 typically
includes a plurality of interleaved actuator arms 11 and
suspension 12, with each suspension supporting one or more
MR head transducers 72 for reading and writing information
to and from the data storage disks 24.

The actuator assembly 10 includes a coil
assembly 14 which cooperates with a permanent magnet
assembly 16 to operate as an actuator voice coil motor 22
responsive to control signals produced by a controller 18.
The controller 18 coordinates the transfer of data to and
from the data storage disks 24, and cooperates with the



a circuit, coupled to the transducer, for nodifying a signal read fromthe
storage ¥ nediumusing the MR el enent such that a thermal conponent of the
signal representing a thermal response of the MR elenent is degraded; and
a filter, coupled to the circuit and having a response substantially
inverse to a filtering response of the circuit, for producing a restored
thermal signal substantially representatiéﬁaof the thernmal conponent of

the, signal rea he_storag di in t S] I ei
the circuit. QCEbgg]%coyéﬁﬁg t%os il g%ﬁ%thg? aggec%gge t%ggpréggﬁ%Egg]
i nventi on t her earBsgpuppeagions LafdRnand IR & cgd de, teoppessrhbed

a transducer ingkhekngsaaRBIBELRLRSRE! 188at MohsCWRERNFeadiflOLALCWIELIHE

an apparatus for ving _at. | east one qf .the transducer and the mediumto
provi de a relagﬁgg ﬁﬁv@ﬁgnéxﬁgkﬁﬁﬁnq9ﬁ§st%&nsducer and the nedium

a circuit, coupled to theForapsgpoees oliaprovidingsan sndeabtanddnfr ofh ahe

st or age nediun?gﬁggglg?%gyﬁgydgggg 5¥6¥]t%%ﬁ?{hg%ﬁg;&ﬁ&&?Qngfﬂé of _hRe

signal representing a, : response of ) egraded; and
an infinite inplRgBetdspEAgaal| FRTPPNERES, ExpnF Hiencback kigaad r espyRdd
substantial ly i gger sgev@ralfi Msfiuly rappeiesatebnkhe Ehd€Ui texgiate preddces

t dth | .,Si | hstantial | tafi f 1 t her, nal
Component of 1 nBVEABARLLLEY: G (N R SRR SOt b BEPRRRE Ren e PURRRL,

recei ved from t referendet .is made twcBiding twhich| illasttriatesasirectloiv

the present invgabiy@aul Nepen Sapgééﬁlfbedj 38y | BHOATHIAG" ' WML a -

conpri si ng: a_storage nedium .

6h a t chez@ader signalidi AguRORERket Ofesist inRAGhATK o| BhgRRL fdn

readi ng from t hgccohdan@e WEAH Brie SEbGdifeiPro5i e aprasent! iaoeReient. -

epresenting a Lperfml IE8POIREorfbe s Y Yol Yo% R2880E1E  olkAgd
disk by an MR element 72 to induce in the MR element 72 a
readback signal that may appear to exhibit distortion or
modulation, but in actuality gontains'a magnetic signal
component and a thermal signal compdnent. It should be
noted that the magnitude of the magnetic signal component
may be zero where no magnetic information has been written
to the disk. The thermal signal component, however, is
generally present due to a pfeviously unknown phenomenon
that has'now been uﬁderstood, characterized, and utilized
by the inventors. The thermal signal component is
separated or extracted from the readback signal at step 32
and restored by use of an inverse filter of the type
described herein. The magnetic signal component of the
readback signal separated at step 32 often includes a D.C.
baseline modulation that distorts the amplitude of the
magnetic signal component.

At step 34, the baseline modulation in the
magnetic signal is eliminated, thereby restoring the
baseline of the magnetic signal. If the restored thermal
signal extracted from the readback signal is to be used
for servo control, as tested at decision step 36, the
restored thermal signal is transmitted to the servo



an apparatus for noving at |east one of the transducer and the nediumto
provideta relative novenent between the transducer and the nmedi um

a circuit, coupled to the transducer, that passes content of the signa
above the first range of frequencies and degrades the thermal conponent of
the signal; and a filter, coupled to the circuit, that passes
content of the signal associated with the 1¥irst range of frequencies to
produce a restored thermal signal substantially representative of the
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signal is transmltted to an error recovery processor at
step 52.

Turning now to PFigs. 4 and 5, there is
respectively illustrated a distorted readback signal and
a non-distorted readback signal restored by a signal
separation/restoration module 76 as shown in Fig. 1. All
low frequency distortion (modulation), whether caused by
thermal head-to-disk spacing activity' or unwanted
filtering from the AE module 74 or both, can be
compensated for by the signal separation/restoration
module 76. For the purpose of illustration, it is assumed
that the feadback signal 60 is a signal read from a servo
sector on the data storage disk 24. In this example, the
servo sector readback signal contains a number of
information fields, namely, a write recovery field 62, a
synchronization field 64, a Gray code field 66, and a
burst pattern field 68. It is understood that the Gray
code field 66 typically includes sector and cylinder’
identification fields.

It can be seen in Fig. 4 that the baseline of
the servo control readback signal is severely distorted,
and particularly so within the Gray code field 66. It is
noted that the low frequency distortion associated with



restored magnetic signal is provided at an output of the signal sunm ng

device. * 7 BRI EF DESCRI PTI ON
OF THE DRAW NGS Fig. 1 is a block diagram of an apparatus for
extracting a thermal signal and a nagnetic signal from a readback signal

I nduced in an MR head; Fig. 2is Jgﬁltop view of a data storage
systemw th its upper housing cover renobve Fig 3is aflow
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si gnal sectors formatted on a disk 24 surface to demonstrate
appreciable levels of readback s:Lgna1: distortion similar
to that depicted in Fig. 4. '

As discussed previously, the source of the
undesirable readback signal 60 modulation has heretofore
been misunderstood by those skilled in the art to result
from noise in the MR element 72 or other source of MR
element 72 instability or operational anomaly. The
inventors, however, have discovered that the readback
signal distortion may in addition be due to the presence
of an independent thermal signal component of the readback
signal that modulates the magnetic signal component 61la,
thereby resulting in ‘a readback signai 60 having a time-
varying baseline. The signal separation/restoration
module 76 processes the readback signal 60 to restore the
readback signal baseline, as shown in Fig. 5, and to
produce a virtually pure, magnetic signal 61b unperturbed
by the thermal signal component in addition to a restored
thermal signal 63.

The independence of the magnetic signal and the
thermal signal is demonstrated by the waveforms shown in
Fig. 6. The waveform shown in Fig. 6(a) represents a



8 separation/restoration nodul e; Fig. 12 illustrates the
magni t ude and phase response of a finite inpulse response (FIR) filter used
in a signal separation/restoration nodul e; Figs. 13(a), 13(b),
and 13(c) respectively illustrate a readback signal induced in an MR head,
a restored magnetic signal conponent of thelgeadback signal, and an
unrestored magnetic signal conponent of the Teadback signal;
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unappreciated informational content available in a
readback signal obtained using an MR head. 1In particular,
information about the surface of the disk can be derived
from the thermal signal. An exaggerated side view of an
MR slider 67 and MR element 72 in proximity with the
surface 24a of a magnetic data storage disk 24 is
illustrated in Fig. 7. The disk surface 24a has a
generally varying topography at a microscopic level. As
illustrated, a disk surface 24a may include wvarious
surface defects, such as a pit 122, a bump 124, or a .
surface portion 126 void of magnetic material. It is to
be understood that surface features such as grooves, pits,
and bumps, for example, may be purposefully provided on
the disk surface 24a for purposes of encodiﬁg information
on the disk surface 24a.
As illustrated in Fig. 7, the thermal response
voltage level 119 of the MR element 72 changes as a
function of the spacing, denoted by parameter y, between
the MR element 72 and the disk surface 24a. Changes in
the magnetic readback signal result from changes in the
resistance of the MR element 72. More particularly, a



particularly, to Fig. 1, there is illustrated an apparatus 70 for reading
an'information signal having a magnetic signal conponent and a thernal

si gnal component from a magnetic storage nedium and for separating the
thermal and magnetic signal conponents fromthe information signal. The
magnetic signal is processed to rempve the influence of the thermal signal

conponent fromthe nagnetic si gnal The th'ér mal signal, which is typically
degraded by the AE mpdul e
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increase (larger spac1ng) if the heat transfer is reduced.

Thus, changes in the heat transfer between the MR element
72 and the disk 24 results in an alteration of the
temperature of the MR element 72. Temperature changes in
the MR element 72 result in corresponding changes in the
electrical resistance of the MR element 72 and, therefore,
the voltage across the MR element 72 being supplied by a
constant bias current. It is noted that variations in
slider flyheight typically .occur at a frequency
significantly lower than that of the magnetic transitions.
Therefore, such temperature changes in the MR element 72
occur at a frequency significantly lower than the magnetic
data transitions and are the basis of the thermal
component of the readback signal.

As Fig. 7 illustrates, there is an inverse



conprehend the nature and origins of the undesirable readback signal

basel i ne' nodul ation. As will be discussed in greater detail hereinbelow, it
has been di scovered by the inventors that the readback signal 60 is a
conposite signal conprising i ndependent magnetic and thermal signal
conponents, and that the | ow frequency nodul ation in the readback signa

is, in actuality, an independent thermal idflormation signal conmponent  of
t he readback si
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information element 72 at a constant bias current.

As a result of the above-described interaction
between the MR element 72 and the disk surface 24a, it can
be seen by referring to the pit 122 depicted on the disk
surface 24a that the thermal voltage signal v, 119 across

the MR element 72 increases in amplitude as a function of
increasing head-to-disk separation distance (y). It can
further be seen by referring to the bump 124 depicted on
the disk surface 24a that the thermal voltage signalv,,

119 decreases in amplitude as a function of decreasing
head-to-digk separation distance. For purposes of
convenience, it may be desirable to invert the

thermal voltage signal v, 119 so that .changes in disk

surface 24a topography correspond directly, rather than



to and fromthe data storage di sks 24. The actuator assenbly 10
I ncl udes’ a coil assenbly 14 which cooperates with a permanent magnet
assenbly 16 to operate as an actuator voice coil notor 22 responsive to
control signals produced by a controller 18. The controller 18 coordi nates
the transfer of data to and fromthe data storage di sks 24, and cooperates
with the 182 actuator voice coil notor
22 to nove the actuator arms/suspensions 11/12 and MR transducers 72 to
prescribed trackn¥8rgRdYsecdt®r chgnpegatimnshahéheraadi nee Hrrgew siiong ldata
to and fromthe,,disk 4 R [ROSes. 0 rovi di ng, an
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conponent . signalftist.ep 34, the baseline nmodulation in the magnetic
si-gnal is elimnated, thereby. restoring the paseline of the nmagnetig
signal. If the restored tﬁé‘r\é&f"‘éfighﬁl EQ’E?%H’%%‘Bf {he Ebed =d0gad
‘is to be used fopnserivie cant rgéneaslt est exkbmtesadiaiion steefp e t hermal

restored therml.oghgndle ioF EHRNME Eaitthen? L€ i8€4i¥Reracts with the disk.
If the emissivity or absorptivity of the suxrface of the
disk were to vary, the resultant thermal signal would
accordingly vary. As will be better appreciated from the
discussion below, variations in the disk surface, such as

surface profile or emissivity/absorptivity, may be
purposefully introduced and exploited by using the
informational content of both components of the readback
signal. - _

Another characteristic of an MR element 72 that
influences the nature of the readback'signal obtained from
the disk surface concerns a situation whereby the MR
element 72 comes into physical contact with the disk
surface or other obstruction. A thermal asperity (T3),
for example, occurs when a temporary physical contact
occurs between the disk surface and the MR element 72.
The negative (cooling) peak of the thermal voltage
response to a bump 124, for example, is suddenly replaced



13 control and processed accordingly at step 38. If the magnetic signal
Is'to be used for servo control, the restored magnetic signal is
transmtted to the servo control at step 40. If it is desired to performa
head flyhei ght routine, as tested at decision step 42, the restored thernal
signal is transmtted to an estimated flyhei ght processor at step 44. | f
it is desired to performa disk surface analgysis or screening, as tested at
decision step 46, the restored thermal signal is transmtted to a
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influences or other causes. In another embodiment, the
signal separation/restoration'module 76 may be employed to
perform the dual tasks of separating the magnetic signal
component from the readback signal 60 to remove low
frequency thermal signal component, and, in addition,
extracting the thermal signal from the readback signal,
thus making available for subsequent processing the
informational content of both the magnetic signal and
thermal signal in substantially independent form.

As shown in Fig. 9, a readback signal is induced
in the MR element 72 situated in close proximity with a
magnetic data storage disk 24. As will be discussed in
greater detail hereinbelow, the readback signal modulation
varies in frequency and amplitude as a function of thermal
signal component behavior.

In one embodiment, a-readback signal received
from the AE module 74 from the MR element 72 is converted
from analog form to digital form by an analog-to-digital
converter 84. Alternatively, the AE module 74 may be a



renders the sector and cylinder information difficult to reliably
interpret in the presence of anplitude distortion. Such anplitude
distortion, in turn, often introduces servo control errors of varying
severity depending on the magnitude of the distortion. It is noted that
such anplitude distortion in a readback signal 60 obtained froma data
sector, in contrast to a servo sector readack S|gnal can simlarly
i ntroduce dete tlog End i.nterpretation errors resulti if soft QqQr har
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configured as a lowpass filter and programmed to pass the

thermal signal content which can be generally
characterized as a medium frequency signal with much of
its energy in the frequency range of approximately 10
kilohertz (KHz) to approximately 100-200 KHz. It is noted
that the magnetic signal component of the readback signal
has a frequency ranging between approximately 20 megahertz
(MHz) and 100 MHz. The thermal signal 80 at the output of
the programmable filter 88 is communicated to a signal
summing device 90. From the output of the programmable
filter 88, the thermal signal 80 may be transmitted to
other components in the data storage system, such as to a
-servo control for purposes of controlling track following
and track seeking operations.

The delay device 86 receives the readback signal



unappreci ated i nformati onal content available in a readback signal obtained
usifng an MR head. In particular, information about the surface of the disk
can be derived fromthe thermal signal. An exaggerated side view of an MR
slider 67 and MR elenent 72 in proximty with the surface 24a of a magnetic
data storage disk 24 is illustrated in Fig . The di sk surface 24a has
a general ly varying topography at a n1croscop|c |l evel. As illustrated, a
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result in corre%%%gﬁré éggglﬁﬁaigléggulated readback signal through the
signal separation/restoration module 76. In accordance
with this embodiment, an amplitude-distorted readback
signal containing magnetic and thermal signal components
is sensed by an MR element 72 from a magnetic data storage
disk 24 and communicated to an AE module 74: The
modulated readback signal is then digitized by a sampler
84 and then passed through an appropriately configured
programmable filter 88 to produce a non-distorted restored
magnetic readback signal 78. The programmable filter 88
is preferably a finite .infinite response (FIR) filter
programmed to pass the relatively high frequency magnetic
signal component of the composite readback signal, while
-rejecting the relatively low frequency thermal signal
component of the composite readback signal. Although a



el ectrical resistance of the MR elenent 72 and, therefore, the voltage
acrbss the MR elenent 72 being supplied by a constant bias current. It is
noted that variations in slider flyheight typically occur at a
frequency significantly lower than that of the magnetic transitions.
Therefore, such tenperature changes in the MR el enment 72 occur at a
frequency significantly |lower than the magn22ic data transitions and are
the basis of the thernmal conponent of the readback signal. As
Fig. 7 illustratiddtemhepehes shapnarEER filter may be employed as the
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. class of FIR filters provide for perfect linear phase
response which is necessary to eliminate virtually all of
the undesirable modulation of a readback signal resulting
from the influence of the thermal signal component, and to
produce a restored magnetic readback signal 78.
~ Referring to the embodiments illustrated in Fig.
11, there is depicted a capability to selectively couple
and decouple the signal separation/restoration module 76
from the recording channel through which a readback signal
typically passes. The programmable filter 88 is shown
coupled to a read-only-memory (ROM) 94 within which is
stored a number of programmable filter parameter sets. In
an embodiment employing a FIR filter 88, the ROM 94
typically stores a number of tap weight sets 96 and may
additionally store at least one restoration tap weight set
98. In an embodiment employing an analog AE module 74



surface 24a topography correspond directly, rather than
18 *inversely, to changes in the thermal voltage signal [err] 119. Thus,

t he negative value of the MR head voltage, [err] will provide a qualitative
i ndi cation of the disk surface 24a topography by indicating "cooling areas”
as peaks and "heating areas" as valleys. Al so shown in Fig. 7, is

-a magnetic spacing signal 121 which has bee?3conditioned to correspond to
variations in the disk surface 24a. I{ can be seen that the magnetic .
spaci ng si gnal G ncS¥RERIES | Rdi BIEPIFR prféiéﬁ(féngf RERAERF acethe
features, such ggrommpmetabdesdidset?288 mayvheiat iINR fiinl tere compdgdapby the
the disk surfacgofflay,, It can further be seen that the magnetic spacing
signal 121 provides an inferior indication of other surface features,
such as bunps 124, when cdif¥ar RPURPEASK 2fr fRESFERf HRRI nfondat heh  OFf

provi ded by use 1dfnildae iidier nad ﬁ%@éuxﬂé& that the red:érabﬁglldhaﬁnel for
appreci ated that,  the thermal |%t%n cont alsnst g g ? a reg égt £on of
the thermal resfoRsd G ENSFPIEs SYPEER: APSAPEeRi AhSERE 8|

the emissivity @‘rIRalﬁstdrqan \E&y dfhe hkO stap aEéRofllt@rdwklweceupbedaty, at he
resul tant ther mploysiginahn ! s acS0f hDBly Y3 YeofS x\a'hl fe @H:e%ets of

appreci ated fromthe djscussion below_ variations_In surtace, such

as surface prof iHa® HNeIFhES| 9% ¢ yRBYsSEpMhichy m%)b%el?ﬁﬁ%sw'%ﬂﬂ yhe FIR
i ntroduced and eillteiy aB lﬁomiiu’i@ddﬁb o &reis&*olg&aa*nmgnhmt rebpboisk. As

- conponents of t ther cterl s

MR el enent 72 tﬁg&a%dqb ﬁl%é'q't 1%t 820G 1?#1 r"(‘eaa%b 3"62% g‘b?& g
fromthe di-sk sweegbe fxomeras 8exvouaseohonheraby pnedmeel paeticrlagdyes
i nta-physical cohagle Mk tx.léps\ﬁ]t%( whird 33 Fer¥oebneRenndd h@%emg@s to

thermal asperity TA) for exa " occurs when a tenporary p -
contact occurs BHARESS t Kk shanted %WWRS@B@%t 72 erheYnegad ve

(cooling) peak @ynmﬁémaﬁmrwaﬂimecdﬁmm i® ehduspa}2dodboEieianielee,
|'s suddenly rep%&p%%e servo sector, for example, may be ﬁE%interpreted or
unreadable.

The signal separation/restoration module 76 can
selectively be utilized so as to process readback signal
information oniy from servo sectors embedded between data
sectors as shown in Fig. 11. In accordance with this
embodiment, a single programmable filter 88 employed in a
recording channel of a data storage system can be time-
shared between processing readback signals corresponding
to servo sectors through the signal separation/restoration
module 76 and servo channel, and processing readback
signals corresponding to data sectors through the data
channel. When reaaing data sector information, the
readback signal is selectively passed through the data
channel so as to bypass the signal separation/restoration
module 76.

As depicted in Fig. 11, and in accordance with
an embodiment of a data storage disk 24 employing an
embedded servo architecture, an alternating series of data
and servo sectors will pass under the MR element 72 as the
data storage disk 24 1rotates, .typically at several



by a large, but narrow, positive spike response followed in rapid
sutcession by the negative cooling response as shown in Fig. 8. The
positive spi ke response is caused by mechanical. frictional heating between
the MR el enent 72 and the |ocal asperity on the disk surface 24a. Due to

t he nechanical friction associated with a thermal asperity, the magnetic
coating can be scraped off in the area of %y5|cal contact. This wll

result in a m 6, b S t o] rce,of ;suc L ds.
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avai l abl e for subsequent p%)grqo%lelém rlélng ?h &?‘%?ng | on con ”g%o%cg{nﬁ.tyhe
magnet i ¢ si'gnawidid therMR| eteyent 72,s@ neataratipn mmpev@mhtf set 98

As shown in Fi gtobed {z?aéﬁécho&' W' ids1badegcdnts e el Ei‘f@éﬂ%s,
situated in close proximt netic dat aitoraedlsk

: [ 1
be di scussed i fFF Yer FER %F?'nﬂe N0 qafs ktﬁpgn‘&?lﬂlbﬁulsﬁtl on
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behavi or. i en e celve t he
AE nodul e 74 f P& tghé %ﬁ&oﬁd t?t:'e }anf:ldér’;]"\iie%tqag from[}%hg:;’% %?’% ij’l"’telgr%gl
di gital form bpismaginaregpesentgiafal thenweadhack. signal nmaﬂeléromh@hﬁE
modul e 74 may h@adro sector 104, and produces a redRorddli kligne¥aw ce

I ncor porating _ n I tal converter cordance wth g
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nunber  of Irrpul se * 550 Of?svevlth the MR element 72, a selected tap weight
set 96 is loaded into the FIR filter 88 so as to replace
the previously loaded restoration tap weight set 98. The
readback signal derived from the data sector 106 is
processed through the FIR filter 88 and data channel so as
to bypass the signal separation/restoration module 76.
The process of selectively processing the readback signal
. derived from servo sectors is repeated in a seimilar
manner.

It ié to be understood that the embodiment
illustrated in Fig. 11 is particularly well-suited for
retrofitting a data storage system that includes a single
programmable filter 88 in the read/write channel. It can
be appreciated that incorporating an additional
programmable filter may be desirable so that a first




coefficients or taps of the progranmable filter 88. The readback signal
applied-to the input of the progranmable filter 88 is subject to a total
signal delay corresponding to the length N of the programmable filter 88 as
t he readback signal passes through the progranmmable filter 88. : In
accordance wth this enbodi nent, the programmable filter 88 is
programed wi th appropriate tap coefficiengs and weights so as to pass the

relatively | ow frequency thermal signal co onen of the readback, si gnal
and to filter ®Fogyamalla ifeitenibh ‘F?’éﬁ ir%gf’n‘éﬁ engaﬁéPncéﬁ‘ng’@nt
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cont ai ni ng both magnetlc a

er mal, signal ,conpqnen d the the
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separation of the netlc and t hernal n onents of_ a npes
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separat i on/restora | on restored magneti ¢
r eadback. si gnal JgBVvisg, prd'dq}(ggd:al S:.gnal Process:mg" (Addison-Wesley

Publishing Company, Inc. 1993).

| Returning to Figs. 4 and 5, the modulated
readback signal shown in Fig. 4 represents the appearance
of the readback signal prior to being processed by the
signal separation/restoration module 76. The
representatioh of the readback signal 1in Fig. 5
illustrates the readback signal of Fig. 4 after being
processed by the signal separation/restoration module 76.
The undesirable influence of the thermal signal component
on the readback signal shown in Fig. 4 was eliminated by

~ employing a 9-tap FIR filter in the signai
separation/restoration module 76 in order to produce the
restored magnetic readback signal 78 shown in Fig. 5. The
magnitude and phase characteristics of the 9-tap FIR



after processing a nodul ated readback signal through the <igna

separation/restoration nodule 76. In accordance with this enbodi nent, an
anpl i tude-di storted readback signal containing nagnetic and thermal signa
conponents is sensed by an MR el enent 72 froma magnetic data storage disk
24 and communicated to an AE nodule 74. The nodul at ed readback si gnal
is then digitized by a sanpl'er 84 and then %%ssed t hrough an appropriately

conl gur ed prooteaniRll & dibliAl; 8 (8 aluch s aaRodopl RELALLESLakaack
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through it. Such phase ortlon I S niroduc cause he fr en -
conponents in tHEee%i Itqﬁ a8 J@ﬁ’eogfdg*‘gy’éﬁaggagﬁ G%'ﬁb?% i%Shal
to frequency, ther@b.}dealttanlwglgm rofhar noni c rel ati onshl ps It has been
found that a certain class of FIRfilters provide for perfect l|inear phase
response which is necessary to elimnate virtually all of the undesirable
nodul ati on of a readback®dt gndt/Pesuiti md:friont¥-h& i1 tenck ot ¢ he t her nal
~signal. conponent, and to produce a restoredoﬁagnetlc readback signal 78.

‘Referring to the gpbodingnts_ i |H ust%ﬁted 11 Flgg?1 1,14t herlqll s depicted,a
e s

capability to selectlvely couple an decoupl I gnal
separation/restoration nodule 76 fromthe recordi ng channel through which a
readback si gnal typi caI | y Pasiss.nofféd phagyr driimmbivaveifbrar @#®ows showig.

coupled to a reads o(iﬁ% %ywﬁamsriri’&“ thel SmSER1&Ced HERBIa O

programuabl e fi I ter par arretg
signal shown 1n Flg 13(a) through a conventional highpass

Butterworth filter. It can be seen that undesirable
modulation of the baseline of the readback signal is still
present after passing the readback signal through a
conventional highpass filter.

As previously indicated, the magnitude and phase
characteristics of the 9-tap FIR filter used to restore
the baseline of the readback signal as shown in Fig. 13(b)
are respectively shown in Figs. 12(a) and 12(b). It can
be seen in Fig. 12(a) that some degree of ripple may occur
in the passband of the filter which may be eliminated by
applying a window function to the tap weights of the 9-tap
FIR filter. By way of example, a Hamming window can be
applied to the tap weights of the 9-tap FIR filter to
produce a windowed restore filter having the following tap



an enbodi nent enploying a FIR filter 88, the ROM 94 typically stores a
nutber of tap weight sets 96 and nay additionally store at | east one

restoration tap weight set 98. In an enbodi nent enpl oyi ng an anal og AE
nodul e 74 23 that exhibits a

hi ghpass filtering behavior, the programmable filter 88 nay be an IIR
filter coupled to the ROM 94. Forz7 purposes of illustration

and not of limtation, it is assunmed that the recordi ng channel for a
particul ar dat awetigh&ge systemincludes a single 10-tap FIRfilter 88. The
10-tap FIRfilter 88 is coupled to a ROM 94 which is configured to store 64
different sets of tap weights 96, a of Wmch may be |oaded into the FIR
filter 88 for purposgé1 Jof feﬁ%%?grag‘ﬁ% 0%y, €¥BoNns&8 s~ di*¢tussed

previ ously, a nodul ated magnetic rea back signal read froma servo sector
can produce particularly deleterious results when the servo controller
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oo ment . o SLIDFRTIPBRREnRBPETER ¢ oFt 64 RIS SHatn SRPLY ek Py e AN el
of a data storafansyioan sachbast amilamgtiagewibdoweehoptbeetspnyeightibaolf

signals corresp | r u
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si gnal's corr espSAdngnco apes ifsEsRse dit J@h EnegueRcy dRERABSe-  \Wen
reading data sector inf quii&iﬂny’lnovi Be Fﬁg@lbamc-&,gttaiené igchiatuerehyed
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Caparat i oni r ast BAGETRY nsfPALRghe "¢ "Uigk%) "BeBagiRion/pestprarian,
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enbedded servo ggehil g%ct 'é%%teﬂ'l@ ahhsenaémﬁgoﬁern@qﬁs&atﬁlml Vor a

-sectors wll pass un MR el engnt 7% as the data storage dis é
rot at es, typlcanfng' Pagnal acqulre rom a magnetic data storage isk
" 24 using an MR element 72. °~ This embodiment can be

employed in newly designed data storage systems as well as
retrofitted systems. In the design of an analog AE module
74, such as the AE module 74 illustrated in Fig. 1, it is
often desirable to include highpass filtering in
conjunction with a preamplifier for purposes of rejecting
signal content of a readback signal below the frequency
range .of the magnetic signal component. The highpass
filtering behavior of the AE module 74 distorts both in
amplitude and phase the thermal signal component of the
composite readback gignal. This thermal signal distortion
varies in severity depending on the frequency and.phase
response of the particular AE module employed.

By way of example, a highpass filter suitable
for use in an AE module 74 may have a cutoff frequency of
approximately 500 KHz and exhibit non-linear phase
behavior. The f£frequencies associated with meaningful
thermal signal information, however, are typically below
200 KHz, and typically range between 10 KHz to



24 thousand RPM Wen the M element 72 is reading information
froma data sector 102, the readback signal produced in the MR elenent 72
is transmtted to the AE nodule 74, the FIRfilter 88, and to the data
channel so as to bypass the signal separation/restorati-on nodule 76. It is
noted that the FIRfilter 88 is progranmmed with one of several tap weight
sets 96 when processing the signal informt2®n acquired fromthe data
sector 102. As servo sector 104 cones into Prom mty with the
MR el ement 72, 3@6??‘&% tAPOwEHFt st 9838t RS d2PRrERLakey Fhats a
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t he data sector the6 ﬁzu’qm.teemy nareges efao tslmtroagnetlicosngnal nis generarﬂ.ﬂ.y
with the MR el egg) sglye I |t FI R
filter 88 so as to re %qagg ?he%?%v%g@é (‘:i‘i% %ﬂfaaétél)ﬁf?%%ilmg}ﬁg:ﬁ?f
98. The readbacEr&aeRCYderi ved fromthe data sector 106 is processed

t hr ough th/e FIRfilter 88 Iailﬂd:-l%a a_l;!_cst‘(a)h neﬂn@qsq?,)t olr_mggass_st Pespegdvely ]
separation resto n e e _,progcess sel ective pro ess t he
readback si gnal gﬁ”ﬁ% m%@w e%lg%"fjsnsfs %?)ea‘f‘%%nf'ﬁ ‘agm hﬁ%ﬁer.
It is to be undmeeip@mbettmf aheypivadi reamalod | ABt meodud e 74 gxhilhltsng a
particularly wehli; IENE Y datg St a

i ncludes a sing 0 ramr%%?éﬁﬁé) tééh%gﬂ?ﬁ thfalalree lﬁ]% S"lhanne]F h?t can
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may be de;iraP!%qﬁiﬂdkﬁnﬁifdﬂStiﬁe analog transfer function of 2%he
programmabl e filt iS_CO ur abl e . ot _operat,ion rv no
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data channel . singlgccpedgncatwi 300 a Konf agdr athen ragibude) @ sphiase

i ndependent pr og{eaues ﬂ‘nttsecrr?até@sltrprﬁtg on it atde isidials: derived
®*from data sectors cCan result in an inproved error rate performance of the

data storage
: : = by, (1) +b,(2) - (1]
1+ah(2)°z'1

where:
b,(1) = .9876
b,(2) = -.9876
a,(2) = -.9752

The .distortion in amplitude and phase of a
thermal signal introduced by the highpass £filtering
behavior of the AE module 74 is effectively eliminated by
use of an inverse filter having a transfer function
inverse to that of the highpass filter. Passing the
readback signal output from the AE module 74 through the
inverse filter restores the thermal signal to its original
form, both in amplitude and phase. For example, the
transfer function of an inverse filter for conditioning a
readback signal passed through a highpass filter having



system It is noted that the process. of |oading the restoration
tap wei ght set 98 stored in ROM 94 into the progranmable filter 88 may be
performed. upon detection of a synchronization (sync) field 64 or other
signal indicating the beginning of a servo sector. Simlarly, a sync field
or other information signal indicative of the beginning of a data sector
can be sensed for determ ning when a tap wekght set 96 for a data sector is
to be loaded into the progranmable filter 88 for purposes of reading
information frdhelakosecdeseribegotrapséedefunttion déseguatigon (1] is

i npl ementing, angwpPdpmMing a FIRfilter suitable for use in the signal
separation/restoration nodule 76, reference is made to E.C. |feachor,
B.W Jervis, "Digital Signal Processing", 5(Addisen-Wesley Publishing
Conpany, Inc. 1993). Ret@Fh'nﬁTZe—#tgz——é—qu 5, the nodul atkad
readback signal shown in Fig. 4 represefit I} g 6ﬁeéﬁance of the readback
signal prior to being processed by the signal separation/restoration
nmodul e  76. The Tmremaghﬂtﬁde ahd tbhaseeadbapbns&i gifadr ithe

Filg. 5 11Tustralgn b, L eadlagkasl ofol af B0k al eholighao Pl OLRssd by
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eli m nated by er&ééyéang@l Fréefed thRrighl! 88rand A7. the asr}tﬁﬂiﬂlllar,
separatlon/restoratlon %Hdeﬁ 76 in order t?‘ﬁoduce the re tored "?&IC
readback signal T s gTeEPORAE NG AYRE Fhade atPeritiF cs

of the 9-tap FI I%ffect:.ve highpass filter of the 28E f miadexleut i14 zeisto
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illustrated in particular, 1t can.be seen in Fig
12(b) that the Qh%&ﬁfrﬁﬁﬁpnéﬁhlqﬁt§h9er11"’é'@9?sle| rféalrtqaha%dr&slsorﬁsfefwéw%e

frequency range r@igh;ini@é esilteFha seifanid MenasSsy odhdwie st aprbeB fidd &4ndn
elimnating the ]téf% Shlg{ or nodul ation of the readback signal is
denonstrated in 13(a) shows a readback signal denonstrating
an unstabl e or anpli tude vEm yomg émisediment | nardi L sty , ingel se dod spomse

baseline of the [PAEPATEIUGNA s ARRPRYed Nabl Gn 1%5%1-3@8 Perte ! i nabed

after passing the distorte eadltgg si"gnal, rm&; ppropriately
“pr ogr ammed 9- tapS’FQIF@*l PERRratie é‘&%ﬁéﬁr@ﬁtl?nf FoRHe 97¢ afori RWPAReS ¢6.
restore the basetesopindg hetheadbhAekmalgnaignas dedmtedt t cof nca udeidlapass

wei ghts of: filtergrﬁi}ea?dbél':{cgg;iangl}’ The ir?rpul&e J.Besf)&nsé Yot "dn 1R
filter is of infinite duration, in contrast to a FIR
filter in which the impulse response has a finite
duration. Unlike a FIR filter which may exhibit a perfect
linear phase response, the phase response of an IIR filter
is non-linear, especially at the band edges. Although an
analog filter may be employed in an alternative
émbodiment, an IIR filter offers a number of advantages
well-suited for use as an inverse filter for purposes of
restoring the amplitude and phase of a thermal signal
distorted by the highpass filtering behavior of the analog
AE module 74.

The signal flow diagram illustrated in Fig. 18
is representative of a first order IIR filter configured
as an inverse filter. The coefficients associated with
the signal flow graph of Fig. 18 for a first order IIR
inverse filter having a transfer function given by



or B(i) = (- .121, - .111, -.111, - .111, .889, - .111, -.111, - .111, -

111 ¢ It is noted that the waveform shown  in Fig. 13(c) was
‘produced by passing the nodul ated readback signal shown in Fig. 13(a)
t hrough a conventional hi ghpass Butterworth filter. It can be seen that

undesi rabl e nodul ati on of the baseline of the readback signal is still
present after passing the readback signal tBoough a conventional highpass
filter. As previously indicated, the magnitude and phase
characteristics fquation- {2b Ve jaxer used to restore the baseline of the
readback signal as shown in Figs, 13(R)g7are respectively shown in Figs.

12(a) and 12(b). It can be seea; i=n -Fiog.7612(a) that some degree of ripple
may occur in the passband of thg & l.ter which may be elim nated by applying
a wi ndow function to the tap webghkt s .0f752he 9-tap FIR filter. By way of
exanpl e, a Hamm ng wi ndow can be applied to the tap weights of the 9-tap
FIRfilter to pRSucemar®i ndintaikest one fddstiamimgui njimbbehentbngng tagsd

27 melghts proéﬁdﬁmrné -a®08eR f1@€§9 Sﬁl@éblé 98§1use8§§9an 1Rk se
.06, -.0239, d“oo‘latpg The .out Eut o he vy ndowed FIR filter having
the above-listedt Lelfntd eELPPEL r?qﬂ?é:aéﬂ% FRAAT L ThemPAPbee oy
shown in Fig. l4{efereiscd uis heades HowE iCl. Rifieachi(y) B.twhe Jeimvdmed igiam¥| R
filt t f «oh t h
| ver retains. idfmfer { $5bddaiAtaPNaRAAIESANEE el BTl Mo RRRLY] nO

a w ndow function,” such as a
progr ammabl e Fl ARG 4 39B8- al | ows for a non-zero DC gain and some i ncrease

in low frequency response.in Fig. 19 Eué&engsnmﬁ@tﬁ@éd threl? wd RS
illustrated anot g'tﬁ enbaodi magé q:[ B g gg | on/, reséorat i on. duI e
76 that is particitar By wel? ddFS' g5t8 e SEFEFEAVENRES b AP
hi ghpass filter mgve;fsa fratdencifosi grestaacing rmbfonngﬁnahgaepildtdﬂea and
storage disk 24 S MR Rl £dgnal TBbRpESHRAL! OB {@agaﬁ); Pf

~in newy desi gne#ﬁdéga storage syst ensggg vveﬁﬁpas I‘etrOPélt S s"fergr?iéqy
the design of arF ke AreeB dopresed, thyenghsat haghpagsdfidtex .i | |TustFid ed

in Frg. 1, it lswfat)en tiidd 2l shéwni €| W@AIDACENPBEgnall | d€ELELed] by

conj unction wt h & xpﬂfr?gmoé 'git?rnior c?a%fostosraoée ‘& chtsuz%ace using an MR

head. The magnetic readback signal shown in Fig. 19(a)

was .detected from a track written at a 20 MHz write

frequency. The magnetic readback signal was sampled at

100 MHz with 8-bit resolution. The signal shown in Fig.

19 (b) represents the calculated peak-to-peak magnitude of

the readback signal of Fig. 19(a). Further, the signal

shown in Fig. 19(b) represents the magnetic signal

component of the readback'signai shown in Fig. 19(a) which

clearly demonstrates a significant reduction in amplitude

due to the MR read element passing over the pit. Figure

i

19(c) illustrates the thermal signal component of the
readback signal of Fig. 19(a) after having been passed
through the effective highpass filter of the AE module 74.
It can be seen by comparing the waveforms of Figs. 19(b)
and 19(c) that the magnetic and thermal signal components
of the readback signal do not correspond closely with one
another. This poor correlation between the thermal and
magnetic signals results from . the distortion to the
thermal signal caused by the effective highpass filtering
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signal content of a readback signal below the frequency range of the
magneti ¢ signal conponent. - The highpass filtering behavior of the AE
nmodul e 74 distorts both in anplitude and phase the thermal signal conponent
of the conposite readback signal. This thermal signal distortion varies in
severity depending on the frequency and phase response of the particular AE
nodul e enpl oyed. By way of exanpl8xr a highpass filter suitable
for use in an AE nodule 74 may have a cutoff frequency of apprOX|nater 500
KHz- and exhi bi t »REure nefir thhagnabeyadEomodulehd 4f,r sdpieicihes afifrdtdrely

wi th nmeani ngful qiefepéneigbed tRECEABLLAD. sigygyer, are typically bel ow
200 KHz, and typically range between 10

0 .
28 approximtely 100 KHz. *"€|t chﬂvﬁ’és‘éppre’%’r]ati%ﬁ t h&f a hiipass FHIrar
having a cutoff depapabtignpifeapprakiont eogulel Hzrestores gnh{ei carpl itude

distort the anplj E,]LJJ&% t n fs
readback signal . %g‘ﬂuﬁﬁg’%eﬁ%a &n%gﬁm FS ﬁ%a r eadbac %‘?g%lg{ﬁg
however, remai ns2naf fIéct’e%l Btefle thaghpdis thexmal sPRfe MegBetisy RiERALs
range for the neguEés€rateaalins mRyer ad Yai‘@m?daﬁléﬂeéo as Mifeddraio aiidlbe

hi gh filt toff f F d,15(by, 1

s T eapect vel y TRIGMT ar E0S0PIRHs ouridh P FOREseRd pRasdeealt ®
response of a typereinbelbwyg AELnoanl ke 7deen il ithe anddngipis ssidnakramd
behavior.  The *‘J[-Qé‘é’@fédféﬁt O?ﬁﬁ}g@hﬂlh%hknkkﬂ%@nsyc%sé%ﬂféa"@aﬁéanégo

KHz. The digital equival en € anal Qg transfer_ function
ef fective hi ghpals® QIH’ taohey pfter m‘&‘gﬂﬂhﬁam-ﬁbpﬁsﬁ fileepef Lhrrmah
KHz and the magnsi¢giel abHrptighethespaveese! Eitteated in Fig. 15 can be

def i ned 2 :
1e+;Fgrr??2) z[err]  wher &€ thezm?(ql)”&r(@%7 Egéébéﬁ%lz aﬂefaﬁ] >

ah(2) = -.9752 discussed Phevilousdyt wbhhi neapettttadcFigd 'Dhaebangea as a
thermal signal 'f‘ﬁﬁQgﬂéﬁdo&y Eﬁ'@ g&%p%%s-dfz.bkct esrr?a{&ﬁ&hav %@E:.on

nodul e 74 is effective ['I m.nat e use o I NVET se ter avi na 2
eO

transfer functi O%OFF\%EP?@ in "E%ttl'éﬂr‘?‘#e %Qj”fﬂ:;as§hﬁrletf&’?e' cpRsbenyse

detect variations in the surface topography of a disk.
Various surface features, such as pits, gouges, bumps,
thermal asperities, particulate contaminates,  and the
like, may be detected using the thermal signal. It is
understood that such surface features may be purposefully
incorporated into the disk surface for deriving various
types of information using the thermal signal.

Concentric and radial elongated depressions, for
example, may be included in the disk surface for purposes
of determining track and sector locations using the
thermal signal. Also, a detailed topographical mépping of
the surface of a disk may be accomplished using the
thermal signal. It can be appreciated that the
availability of the thermal signal extracted from a
readback signal can be advantageously exploited for use in
a wide variety of applications. By way of further
example, one or more depressions may be fabricated into
the disk surface to a known depth for purposes of
calibrating the thermal response of an MR head in order to
derive head-to-disk spacing measurements using the thermal



readback signal output fromthe AE nodule 74 through the inverse filter
restores the thermal signal to its original form both in anplitude and
phase. For exanple, the transfer function of an inverse filter for
conditioning a readback signal passed through a highpass filter having

29 the above-described transfer function of equation [1] is given by:
[err] The magnitude and phase 32esponse for the effective
hi ghpass filter of the AE nodule 74 and the inverse filter described
above in equatii@@Y2]. are respectively plotted in Figs. 16 and 17. In
particular, the rragni t ude Itesiwnisowdh bpethoyerskiliédeinabHet Agtetberisieve

hi ghpass filter ct o] a c and
172 in Fig. 16. a‘I'hé“ %@g%g%%ﬁgé@% tsft%gﬁa e#islcgé'%{c%il Vﬂ/ e\é ?f&ltlve
hi ghpass filter transdyren i v y datrymine c@naasings 6 @m@gfm bﬁtWﬁ@n 1the

I'n one enbodi rrergur@rbé e R H@.skﬁaﬂldSEhée@PQﬁﬁéu&éf R) ord It met@id ewed

as an inverse fi t |n.the sgparation/restoration nodul e 76
pur poses of rest q‘?@%ﬂ delsﬁ FRECLOEN 1Y %F“aga‘edr‘rﬁcgﬁﬁﬁé’&a‘:k
filtered readbacaa.gnag)nauls rgker gl tse aespdleemaificaRatil Fillyhedghs dHRF)
infinite durati n t to I Il | B

Qeartdhd@Niedtl, 'ﬂ-t(é: Brf é%ﬁ QSV\A\;vgh Ru}ﬁ rg%il , for

response has a finite duration. Unl a FIR ter a

perfect |inear Mmeasuring onthe t fdYBRight eHonse o?lhﬁ’le*’l RSPPP?EF-J-PQ' a
non-1linear, espaxa@tisducdrtithabaid pdgEormélt haughtay apawighini ke davay

be e Ioed in an al ternative enbodi nent,_an_ I IR filter off a jwunber
of ad\r/nant ages wel§oRads egyfs&errhsﬁogglgﬁ,l RAdnd A | paguetic pgﬂﬁﬁ‘i'z:?'éﬁ 5
restoring the argpdcinge adgnplase (fhea HREr metleidynds diesicorided bimt b S.
hi ghpass filterigg Qﬂp Ol 6f J‘ rﬁ@”@ﬂ%&ﬁgs”ﬁggi 44 to the ss:.%ﬂ?e of
ram 'ustrdte I rst

signal flow dia in Fi i's repr entatlveo a
order IIR filterth®nfP§8EEALtas Hh"?ﬁh‘%‘?%e anp: erlncoF?R?IE?&ﬁ‘? i cherein by

associ ated w th ddferagtel firhe R medsitdgnedd hethedf issh @oitiinudas,

inverse Tilter Nauing, & La05" GeabHICHAR U

yeghe ratio of two spectral
lines in the spectrum of a readback signal. Both of the
ihstantaneous spectral line amplitudes relate to the same
volume element of the recording medium directly underneath
the MR transducer. The HRF measurement method provides
for the determination of the instantaneous head clearance
with respect to the disk surface using a magnetic readback -
signal.

In accordance with one embodiment, the thermal
signal component of a readback signal induced in an MR
head is used to qualitatively determine head-to-disk
spacing change. In a further embodiment, the thermal
signal is calibrated using the magnetic signal so as to
provide for a quantitative determination of head-to-disk
spacing. Referring to Fig. 21, there is shown in block
diagram form a system for processing a readback signal to
obtain magnetic and thermal Thead-to-disk spacing
information. A readback signal is detected from the disk
surface 24 by the MR element 72. It is assumed for
purposes of illustration that the readback signal is a
composite signal containing both magnetic and thermal



30 equation [2] above are: - alerr] = .9876

aferr] = -.9876 b[err] = .1 b[err] = -.9752
For nore details on designing, i mpl ement i ng, and programmng an IR
filter suitable for use as an inverse filter in the signa
separation/restoration nodule 76, reference is nade to E.C. Ifeachor, B.W
Jervis, "Digital Signal Processing"” (Addi soh3Wsley Publishing Conpany,

Inc. 1993). In Fi 19, there is illustrated three waveforns that

are used to denSriSak ec?ﬂBgE?FEEti&éne%%i‘Eﬁ BRAeKEGEPQE fhhateraf geadback

restoring the omsiiginedl @epbidudfé anchag@sd cofsidral %ﬁ%&n@ﬂ@p@?negmﬁ?ngnt
of a readback si haf ; b g i ass.filter.. In
Fig. 19 (a), thlet%eréq:msélsﬁ%l a rcg%ac tgglg%ga’f&%e?%%t gﬁg% SRERHI Sag'ﬁlot" in
a data storage Gisk thearaneRingThe wradbagk stsmatagieftéateddopathesMpnal

fshown in Fi g.ThIQCL@)ne\m-_s meﬁeraﬂkﬁxﬁh_Q&heFHresktMéiz}ﬁ ?%?Ill%oﬁmw_t}[ﬂ%htsﬁg_t
requency. e netic r ac nal _was, s e Wi - bi
resol ution. TheZsi glgapas%?omelﬁi@&l%we r}éb?aﬁ%ﬂ? sgﬂﬁe’t'a?‘éﬁl ifeghown
peak-to-peak magsi tadearparent eadberkadi gral the FAR. mbdde 7E|,1rtm£ﬁ],c i@ﬂe
si gnal shown i npfice r [ P?Qé‘ﬁ‘tfi i o] ..t he
r eadback si gnal Sho&nd%]b%:?gggw a I%igﬁpc ear %gennq?]%}} %;gs) gﬁ%eg'lng
significant redPeHRYHat Shpthe BE Boduls (e Hhedranafent fpacting ofer
‘the pit. Figureth®(@ffdduiste bghpdes t FEIE@F B5Q9N2k aefABeeaNhsOf, t NeThe

dback si gnal 9 s fter having b d h th
cf fective hi gnpSusEHT oY FohtHE chiamase | PEEER SR AR spmepatung

t he wavef or ns oRNFi 3RA1aP{ P-Abditadl c convertehe WYnebi ccxeate hdigdl izegnal

conponent:s_of t BRniAANIR tHed Mo IOt 1R YULMHRIE M el ONC.

another. This poor correlation between_ t] | g etic si gnal s
results fromthe distorti &% titlurErataduin Figal 2tauthe bhermalesigoalve

hi ghpass filterindicated at a point 159 at the outpdt JElthE ehebf@l

anal og AE ”Dd“'Si%%a1“@&%ga@%§o%f2§ EE¥E£¥7, may be produced using any of
the methods discussed hereinabove. For example, the
digitized readback signal may be communicated to an
inverse filter 156 which corrects for the distortion
introduced by the highpass filter 150 of the AE module 74.
The transfer function of the inverse filter 156 is denoted
as Hy?. The thermal signal is then extracted by the
thermal signal extraction filter 157, which may be a FIR
filter. It is understood that the inverse filter 156 and
the thermal signal extraction filter 157 may be embodied
in a signal IIR filter to restore the thermal signal
distorted by the highpass filter 150. Alternatively, the
readback signal may be tapped at a point prior to the
highpass filter 150 and input to the thermal signal
extraction filter 157, which may be a FIR filter as
discussed in detail hereinabove. The thermal signal
extracted by the thermal signal extraction filter 157 is

communicated to a mean filter 158 which, in turn, produces
a thermal spacing signal 162 that is linearly related to
the head-to-disk spacing. The mean filter 158 is a
digital moving smooth averaging filter.



differentiated the thermal signal. The I nver se filter of

t hee Signal separation/restoration nodule 76 restores the anplitude and
phase of the thermal signal 162 as illustrated in Fig. 20. It is noted
that the thermal and nmagnetic signals illustrated in Fig. 20 are depicted
as head-to-di sk spacing signals, as wll be discussed in detail

her ei nbel ow. It can be seen that the magneBuac signal and restored thermnal
signal denonstrate a cl ose correspondence to one another after passing the
hi ghpass filtered thermal The gnaadbackughignad ipreorisied idt ethe output okhe

thermal signal iReuosdaiReaRoleibaass ascohaeueaed Wi ol Wiy resaect

to Fig. 7, changes as, a fupction Ig head-t o- di sk gacrn
i nfor mati on corf AR FHERH L h%’i‘rrﬁ!“p L1EHde, dBReFEPEr 822¢cafilER A8cd FIR
det ect vari ati ahslter} hehatr fdaamedtnqooghapmad;f-ta pieak. a\{@‘]m&léwfame

f eat h t

contam nates. | LoaRpgde SRURRS At EREraLLE BR REfC0LS Sharll Lot |
i s under st ood t¥eemstla EG?@&% f 84g0Rds nEhepbdopgarpsbemf gif| Fhﬁnm%tdtced
into the disk ssidmgr :i@roﬁi%iﬂédlgnyaéd%dmn@gdéﬁﬂ! Bign ¢HrdhdHe

t hermal signal. d rad elon ate depressro for
exanpl e, may be }?%c]r?r%e%e‘f’nc‘? ﬁ'gg%ﬂ "ﬁns%rf tﬁ’r
track and sect cis | bineavky velagedhtot hherrhleaslr-gnathskl spacé.nget arHaexing

t opogr aphi cal nRPPLNG Ok BBEhS%hfea%ﬂeﬁéi %d@ﬁeﬁﬂ chﬁ%llh% rsg.g'iﬁ % of

t he thernal | nal can preci at ed

t he ther nmal ] é‘ﬂdraéféd f’??ﬁﬁ%f’?’emcktbﬁgnﬂe% b&igBadnt &R odRs v
expl o: t ed for Ltselilﬂrﬁtd\ddelh&fel aihe Ofnag?aﬁiccaiammﬁ:auonByl%vakrk@%n fand her
exanpl e; one or re.depressions.m rica t i-s e to
a known depth forr" Hu ?%s%‘g n@%e 5% ﬁﬁabﬁ'gvﬁ ﬁé?‘ ?gs fis l%lfsj; %%
head i n order tbsdemmtm'é;d to- cﬂltsikesrtehartngbmlasmmnlegauswng {ox ttthe nal

32 signal.  jpverséf it Kpgwn Jﬂ&gﬁ@@% Sipdd Bl | BilghR1ar 1sH0 ééﬁ& %he
nmagneti c readback s%gnal q?,léOduce y%?alread/v\rrte transducer to determ ne

spaci ng changes® eed ¢ al & AXaNEReRF ¥ FRRRIELORGe tQich
met hod for det eu:lme nhegd headdisk dspicipacipp. usi ng a magnetic readback

signal is referred to as ni §,Rat F t “-éﬁF e
" The HRF test is a known ng? &Qorﬁrréasdt}% n%ﬁ?ﬁhﬂ? :%ﬁgco?iléﬁgﬁ
supporting a treneeeesedihyithe tp@mhewgmﬁlsreeieﬁraﬁtwr Hidnl teve TRl a'md
storage systemheasi filtatsiTee A iFRdNakist raged £8gdthkrSPEEh NEhS inttletic The
HRF net hod is descrtbed in U-S
spacing signa 160, which was processed through the
amplitude detector 152 and log device 154. It is noted
that the 1linearized magnetic spacing signal 160 is
typically calculated by taking the logarithm of the peak-

to-peak signal and then multiplied by the known

sensitivity of the output voltage:  change to magnetic
spacing change in accordance with the well-known Wallace
equation. It can be seen in Fig. 20 that, except for a
difference in signal height and a slightly longer time
constant associated with the thermal spacing signal 162,
the magnetic spacing signal 160 and thermal spacing signal
162 describe a disk surface pit. The thermal spacing
signal 162 can be calibrated using the linearized magnetic
spacing signal 160 in order to accurately reflect true
head-to-disk spacing, as is discussed in greater detail
hereinbelow.



Patent No. 4,777,544, which is assigned to the assignee of the present

i nvention and i ncorporated herein by reference. The HRF neasurenent nethod
i s a continuous, instantaneous neasurenment of the ratio of two spectral
lines in the spectrumof a readback signal. Both of the instantaneous
spectral line anplitudes relate to the sang vol une el enent of the recording
medi um directly underneath the MR transduc P. The HRF measurenent nethod

provi des for the determ nati | e e C rance wih
respect to the disk surfa%ré %%%téﬂ%%ﬁ%ﬁ%ﬁf%ao%}ﬂe }%geréaﬁerf 11T"E’r}ﬁd‘lorll
accor dance wi t FfeeEModirRntabthity hekoraldetigptal haathdiredisdt spaciimck

ﬁi gga![ i gquﬁed d&ﬁb%ﬂ%ﬁﬁldﬁaﬁ}ﬁ}ﬁrﬂl&ﬂei Ir;té)h;bjiﬁb)’oﬂeﬁl‘fé rae?ﬁa stcTrage |
ead-to-di sk sp c e, n ur t her _enbodi men e thermal signa

i s calibrated usglfénég;%hg%rlrgﬁ%ef‘?% Eﬁﬁﬁg.'la 35e3§°P8ep?’gvitta‘3 }'%T elemetth i 14t ve
det er mi nati on ointgkllt ohghdktopdickg. spRefiogr i mgasurEgnt?l, udisre ithe

shown in bl ock el h@/dBohaw/SHEM {RE M CEERBA 3 7£30RACkssEGNAI 4
obtain magnetic and tggémaxls head-t o- dj sk spaci ng information. A™
readback si gnalPHPA,RRR e AH7loMAPRIFF RN (et ing And rengensingwe mnd 2.

It is assumed ffor ppepfoening igdedidtaiveonfdilird hanatadhacK pragnaudt g
conposite sign 0 L1 0 h tic. and thermal . .

33 signal conp?r%ér:lté;é,ﬁ??é%g}%gé u?l%rgt?@?o%%t? HR OIS SR s"'_frbane (fe’tﬁ)]r% of
a magnetic si grighe cbhpamadt spacingssignhdr kf2 scamalfuatineandre usedultd or

determ ni ng_heagbidot dhakdClRHBRAE- withetheadhatacy Wl adakes! %cge/aéée
MR el enent 72 ch ommuni cated to the AE nodule 74 and then to a hi ghpass
filter 150. Th&¥#Yhpass filter 150 is shown as a conponent external to the

QEhm)duI e f74, hbut is-pr o-vmdedrfﬂngeﬁewatdayFif:géprm,erbot?hethl’ié gii&g?lﬁétf i¢ldmdi ng

ehavi or of th a. T S L.on t.he effective

hi ghpass fil te&%%uéoé%%’f%% %gg g%rﬁéﬁrg&gﬁ%tﬁlo%isglh%@f T3 Heead-

hi ghpass filtertasbisk eenfnel exenth svlogst gookgrtabetuaenrthe MBhead

zg ealtle dLgltlé%&%{mi@éapf Fﬁ@%{nﬁlg%?%%_ifwl t(%@ddr%téba%régtrfétﬁr@!sga%%g t
illustrated in Fig. , er si ghal ,, indi.cated at .a poin a

t he out put of ﬁ?@??ﬁr}éﬁ} %?%%?e%xﬁ%%%¥%$i#¥ drakifig the Mﬁﬁ’o‘iﬁﬁe‘bf

usi ng any of t Hcherethdguist ticssiigaad . heMhienahermal speerinexanipgml 1d® has

o 2ot et haeaa RN B LS Op Rl MR |
the AE nodul e REeVHRUEI¥nILEEribec i onllof CRAebenARere thatekhess jie an
denoted as Ho[ eiri¢readée ihhaiigl MRI @laiment -theaigk! rsyderthdyashe Hded sk
signal extraction filter %Sg V\Qégh [BY bﬁRa gigmefﬂinl_'te,sz I{ni saﬁjndgr“sr;ggd
that the inver SPRFTTeY 1855BH3 P
direction from the surface of the disk. Both the magnetic
and thermal spacing signals 160 and 162 indicate this
gradual increase in head-to-disk spacing between 0 to
about 25 microseconds. After the MR element 72 passes
over t'he asperity, there occurs some amount of air-bearing
{head-to-disk spacing) modulation before the MR element 72
- returns to its steady-state flying height; The air-
bearing modulation can be seen in Fig. 27 beginning at
approximately 35 microseconds and continuing through 70
microseconds.
The similarities in the waveform features for
the magnetic and thermal spacing signals 160 and 162
demonstrate that the thermal spacing signal 162 can be

used for detecting head-to-disk contact in-situ, without
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the thermal signal extraction.filter 157 may be enbodied in a signal IIR
filter to restore the thermal signal distorted by the highpass filter 150.
Al ternatively, the readback signal may be tapped at a point prior to the
hi ghpass filter 150 and input to the thernmal signal extraction filter 157,

which may be a FIRfilter as discussed in detail hereinabove. The
thermal signal extracted by the thermal si@ﬁal extraction filter 157 is
conmmuni cated to _a nean, filter 158 whi in turn, ErOduces a thernal
spaci ng si gnal FEEHEANT £9 teek bF SHH&pF‘Sth% Hoslr¥RA Y t88SKR I ndt

The nmean fil ter J.E58notsed dhgtt &henoxhanta ctnenit dt isoee raf)i ﬂbef hhirelrse filter

34 dfpdtaske sl 4 Péﬂf’aﬁ?’ Hed R G111 depena

anal og-t o- d|g|ta al'so be ¢co nlca
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fromthe readba The Lthm gnet c _signal .is obt |ned
by passing the %ﬁeﬁ%%’f’gnﬁl ﬁgﬁoFﬁglFbﬁn BvPLetB4¥ %\kﬁ#‘{‘ a
magneti ¢ si gnal hehawodsfiedearIn anl ambddumenheehlpadyu.ngdnthle i[IRCIﬁlQ.ter,

Havi ng extract eqd o '?n&dlef BN CaaNthe tﬁﬁfl@édé?@ﬂ&%}ée tm netﬁy P2

respectively, the thernal % can be cal i prate

calibration is JHRFRIL T alaEntdn v RHG Frsausney
sih gnal . It is irgdrthat Hl@hiﬁsﬁwo tfl:glt@:ﬁt hsohe r@@md |Vﬁrﬁ.ﬁtlbh§ :uy«%rzcﬁaej)l vf
t he magnetic spagc al and, t he extracted therna na are -
linearly propor?‘f&o‘%% %&t’ hcéh?fé%%stlon g&f%‘ﬂpesjf)%tlf r exampl% 1# t‘éo
t he t hermal spadiengrsiegratioaks halr dhes dosrelrpget ﬁelther.‘nm dagmatlbeﬂthear&1mn
filter 157 and ri%“héﬂ'iﬁhéé& tésfifét'séﬁaéfdﬁh@gﬁﬂ%tfﬂ‘féé‘ the magnetic.

spaci ng signal 160, which was processe rou he anp i fude detector 152
and | og device 154. It isThRtBagRhindenet FHSaFlhfé'H‘a sienad dpguged in

signal 160 is tym qal eadl del ajeathril Tyaka nfuhbeibRgefi the garthieuleak-MR
t o-peak signal aetrider&&qp n&lééapl I.Sd le thﬁRkn?leg sensi tj Vi ta‘){:t"oi?];’t%he out&tﬂt
cC

vol tage change 10 nmaghetic SpaCl ng ch or dan@& i
wel | - known Wl | &snufaciuning | progesise mnmaﬁemglszomem foxcananplke a

Ldifference in siael baughl vaidat s ok }chaQG:Qz%rpoHs*@ &pngaam St £d

wi th the thernal cin 162, the ma acl ng 160
thermal spacing St "8%’ ‘%&i%’ﬂ b a %‘F%‘E‘ ‘?rm ‘?ngk
spaci ng si gnal Ishchng behaagebuan.ag uhenghehrmalll mpoms@ mmt |MR dmandng

-signal 160 in orgder;d ACCHIR &l Vo &1 B5Eatd Une thermal response in-situ

using the mwagnetic response. For example, accurate
magnétic spacing information can be obtained using the
well-known Wallace spacing loss equation. A calibration |
depression, such as a radial trench or pit, may be
fabricated in the landing zone and used to produce both
thermal and magnetic signal modulation for purposes of
performing in-situ thermal spacing calibration. The
magnetic spacing can be accurately determined for the
trench which, in turn, can be used to calibrate the
thermal voltage response of the MR element.

Anofher method involves combining a magnetic
head-to-disk spacing measur.ement, obtained using the HRF
method or other similar method, with a thermal clearance
measurement. In accordance with this combined test, a
simultaneous thermal and magnetic "spindown" is performed



head-to-di sk spacing, as is discussed in greater detail hereinbel ow.

35 " An inportant advantage of the present invention concerns the
ability to detect head-to-di sk spacing changes in-situ, or within the
housi ng of the data storage system using the thermal response of the M
el ement 72. In-situ head-to-disk spacing neasurenments using the
thermal response of the MR el ement 72 is us®t uI for purposes of disk
rranufacturlngtet and. scr for perfornmn redi cti vef il ure
anal ysi s (PFA) qurn gyt hghgergﬁ?émg?‘f VY t?%ee Mgﬁ o?’&%&eﬁ%t Hei ngtlﬁg
field. The t herﬁ‘allogpaéﬂsg isi greaipalB®A dam the threswibe(HREW spadiogcthhngd

contact with th cenaf dat: K. f to
B Moy | BEUEEACRRS! chliie 1808 bsk nocovory SE1EhE EhaRL O

shown for a heafi9pgldi ak CGE‘Pacfh&‘FenF° §G&ﬁnasr66ﬂt achoweveEen MA¥E \Re
head and a | ocaliflfi¢codl aspachigpveTiv. aTé}&U@ng@yﬁ.ﬂ@ChﬁthEI goalléb604has

apaci ng s gnal TaYiREs Pohioerdd EiibELTha BEnIRRRE 5 Whe BYGRBASE™
approach previ 09§F9f§e§é’ﬁiqb\§é$cy is @mlﬁéléyeﬁevhmlthndemwﬁm&guméa@e in

the MR el enent - jeediek TG %eaaltake xdit%lﬁﬁ,%p%&!e )Aeﬁlc?P' aces the MR
element 72 in an upward di surface of e disk. Both .the

on from.t,
magnetic and t her nal spacfr%"& S Sﬁ9r§°1669§ndsli%‘2”i‘$d|C@a{’t1é’xfarﬁ’s°rbré’d‘-uthe
i ncrease in heatheemdils lresparisey dftvhenMl headbdst ndderimors ecomplex Bit er

t he MR el enent p r aggunt -0
air-bearing (hegc?fet %ig%zﬁ?%\séegczt%ﬁr%uﬁ t*Teo]%rl'%éfore OW?eﬂngn Q%&e
returns to its §ﬂead§’hstfar%n$f9rr@m¢m Hyz(Fheofian P&quuj.ewﬂduhaw.ng
‘can be seen in Flﬁ 67 begt Et i,q.| I‘OXI mat el éBS mcrgiecon s and

conti nui ng t hr oBgf*$OPAPEr b32E6hYHEY Shavior may, be; BReLALLY Tepreprated
wavef orm f eat ur 9 fofiriss wagieat |ap;mmcmmmml agpaci ng signals 160 and 162
denonstrate that the thermal spacing signal 162 can be used for detecting

head-t o-di sk contact in-situ, vvithoH‘tm(S) = Ky sfa (3]

i
where K, is the gain of the AE module 74 at recording

frequencies, and "a" is the cutoff frequency for the
effective highpass filter incorporated into the AE module
74. A typical value of the gain is K,; = 170, but the gain

of the AE module 74 generxrally has a large variance. The
typical cutoff frequency "a" is approximately 325 KHz, and
generally has associated with it a large tolerance of +/-
125 KHz.

The frequencies of interest for bump-like
surface defects to be detected during a surface analysis
screening ‘typically range between-10 KHz and 100 KHz. The
thermal response of the MR head will translate these
-frequencies directly, while the magnetic response will
shift these frequencies up in the 20 MHz range due to the
magnetic recording carrier frequency. The highpass nature
of the AE module 74 will attenuate all bump disturbance
amplitudes in the thermal response for frequencies below
400 KHz by various amounts, while the magnetic response
will be unaffected. 1In order to restore the attenuation



36 resorting to test bench equi pnent or external testers. It is noted that
the characteristics of the inverse filter required for a particular data
storage systemw ||l depend on the pole location for the highpass filter 150
of the AE nodule 74. For an enbodi ment enploying an IIRfilter or FIR
filter, only the coefficients or tap weights need to be nodified. In an
enbodi ment enploying the IR filter, this nBdification can be nade
adaptively or dynamcally in the event that there are variations in the

pol e frequency oif tthe Hikgipesk despansesEome Jigom wff ilatiegratiiypm ovidty be

occur W th changgsplfed eNPEiHY Webtdt 2P esd lcdrS HeP k@i sHeP S
that the inverse filJter 150 descri bed Ef ein s not limted %o first orde

] ) r
I IR structures. SMPLOYiNg 3fe IWGHSS, gL bFS nBVABENE SFaRarer nfd&rian an
MR head i s generiyld §s)a thatctimniwfetde partheutaandferl EarationsHy (si)n off he
MR head. Varigtl o j h puf act urj n roc mat efj.al § use
(144 BB gl endTeeut acL U 0 g Q067U T kAR MG

for exanple, cause varration ' 1n fhe ™ponse,

in order to accuirdqiencietpredert faath ba- MRskeafaceadindg adgea URidig 4 ldd sk

t hermal response,.of e | tods desir Q. cal jbrate .the thernal
response in-si tﬁslglsrll%%g a%n?é)'neltdl)%' ?égp%glsa&éle' F%% é)%tgrrp]%ze', g%@c&?‘ae[e
magneti ¢ spaci ng-OWgek nditregvengy bEosbtdstret ing ndiske @prfageoviounps | doe
spacing | 0ss equgiprkinately biet ken. depsesatan, asg%ua%-an%@s@ £iNgneh or
pit, may be fabrlcal-tled i n.the l.anding.zone, apd use tg{, roduce both thernal
and magnetic si AR f deady 1ag fﬂ'ﬂr"‘ﬁé'sgét apzEeFer Ay 34h-499 KH27 @idha)
spacing calibraipole (”BfMg sigsetkHz,s gy Nige caorécappeopeiaky derergrired
for the trench %Osf{% at urn, can be used to calibrate the thermnal

vol t age response e VR el enent . _ : Anot her nethod invol ves

conbi ni ng a magnet i c Tead-Repudaidnyerge g fidssar ewenld obavenadl tstanpfier
HRF nmet hod or otfighctsicn !t tkd heshemW th a thernmal cl earance neasurenent. -
I n accordance with this conbined test, a sinultaneous-thernmal and nagnetic
"spi ndown" is perforned _ s +a - 37 whereby the
t hermal vol tage change between two difé’kmvéls&ci't is€$ psS conpared to the own
(HRF) spaci ng change between the two disk -velocities. Recovery of the
thermal signal at the disk rotation. rate, however, may be difficult
'to achieve in a aydt theeppyesrpldg treansE emditrct7iomaoEnghe Ipsghphssinverse
filtering behavigpyyséACeatbeada WPER St R fmddEILONL YodSohyPi cal |y sever al

orders of magnitude greater than the disk rotation frequency. The

head-t o-di sk spacing. calibration of, the
"W LU AL B 55) (£55) - e 52

Thus, the compensated transfer function H(s) above will be
~a highpass filter with a cutoff frequency at 5 KHz, which
is adequate to pass the frequencies associated with disk
surface bumps in a non-distorted form.

' The large variation in the highpass cutoff
frequency "a" can cause large variations in the restored
thermal response. An accurate estimation of the highpass

cutoff frequency "a", the gain K,,, and the sensitivity

inm/mv] for each MR head is important for reliable
calibration. Due to the lack of a low frequency (i.e.,
s 120 Hz) response of the AE module 74, the thermal
calibration process may be supported by another method as
a standard of reference. This supportive method is

referred to herein as the magnetic Readback Signal



thermal response of the MR head is made nore conpl ex by the hi ghpass
fréequency filtering nature of the AE nodule 74:. The transfer function

H err](s) of an AE nodule 74 having a highpass filtering behavior may be
generally represented to a first order approximtion as:

Herr] (S) = Klerr] [er] where Klerr] is the gain of the AE nodule 74 at
recordi ng frequencies, and "a" is the cutof8afrequency for the effective
hi ghpass filter incorporated into the AE nodule 74. A typical value of the
gain is K err] Moduwlathian t(R8Mjaimetdiod, hwhAghnbsd knpwrgsedifalchy ibasitding
l'arge variance. qHthdd/PESR! detle@irinin@Ouaimbe ih ShARAL PXLHRER! hadtre tid .
and generally has associated with it a large tol erance of +/- 125 KHz.

The frequenci es BRGHRERLFER oPL RS- IWargg'ag’t?rf%R?é”dEﬁ ct?%8 { BPBEOFERect &
during a surfacefflattiis tdemmal oglijpratdbhypracgéubet e gartd KA dadeD0
Khe. The thermalo eepansgshl dOendR el Welleolhdps! 2he 10886 BMHENGhEs
directly, while the nmagnetic response wlF shift these frequencies up 1n
the 20 MHZ rang@qhiater t he hedeetagaintlor Bhagcsaphi &top ebyehbe. lamdling

hi glhpasz nat ur ehzﬂ:fnéh heo Abx &t eb&&?\/\fth% ahkenaat angl lkna@h@hé@i(&lﬁd@m 8
anplitudes int t her respanse .f or. freguenci es_bel ow ari ous
amounts, while tHe%hd |aé&r Ed50RdOFi t%%glﬁn%‘?rfsrea&ré’cﬂgl et)l‘:gé“r'L @\{:1°n
restore the att alepression. 38 of the

restoration process_can be_acconp loying an i nverse fi

havi ng a transf FuFkares off Hpe Fipls PYank and | hgepubiestedeter Reddgh and
fT lﬁncf i on {4[ e ][ r] (SPuttietieg Aﬁﬁ?&#éés 7&_&(? be@mitHba([j:_h] ﬁ@gntétifbH[aefd ]déﬁéﬁkmal

e lowest frequency present. fro ead s eadi a froma disk,

Spinning st 7200MEd B SPERIEY ERolhshR, FabricahEd| Sl Fi R ety b
det ecti ng di sk swiextethampthe sdeppessiont Eabritaked. iAs theclamling zone
pseudo-i nverse fj , ﬁéi&]hn Sy 5 | ' | o B 0
KHz and a pole (dri)d?‘(i aa% Kl—é"fslfr%jf%ge n%%oeli%%%%%\rlgiéa{a eqr%ag{r%{%hcl(ts‘&éd EHumAﬁ)
appl i cati on. A TR yOERAS s e i | fOrenodiiekYveta tanag ehgadydish
of the form interference (HDI)[ @h8] may cause permanent damage to the

head or the disk as a result of a'head-to-disk crash. A
bump may also cause head 1lift-off and air-bearing
modulation and is therefore likely unsuitable for use as

t hermal response, sone forﬂ@c&fk}%@%&ﬁ?e np}ssggnagglfﬁgriggéé?ﬁ% éoroth
ot

a permanent calibration site. A "pure" pit, in contrast,
does not cause head 1lift-off nor any air-bearing
‘modulation. The calibration trench on a disk substrate
surface is also inexpensive to manufacture.

Prior to discussing one embodiment of a
calibration procedure, it may be helpful to define several
variables that are associated with the calibration
process. It is noted that the term LF (Low Frequency)
refers to frequencies on the order of disk rotation
frequencies (RPM/60), such as 120 Hz at a rotation rate of
7200 RPM. Referring to equations 6 and 7, the term

vy (LF) represents the per revolution average of the AE

module restored thermal.voltage (baseline) response in the
landing zone excluding the data obtained from the
calibration pit, and is typically represented in
millivolts (mv). The term v, (Pit) is the AE module



-and the overall transfer function of the pseudo-inverse filter cascaded
wi'th the AE nodul e 74 becones: H(s) = Herr] (s) Herr] (s) = Klerr]

[err] [err] Thus, the conpensated transfer function H(s) above will be a
hi ghpass filter with a cutoff frequency at 5 KHz, which is adequate to pass
‘the frequencies associated with disk surface bunps in a non-distorted form
The large variation in the highpass cutoff 40 equency "a" can cause |arge
variations in the restored thermal response.. An accurate estimatiaon of the
hi ghpass cut offr‘FF'éaESﬂcya"‘e%a‘—’!etﬁ@eg”&gﬁ R{ErTa9anBethe REQAHGSYi £yom a
[nm nmv] for eachaMiblaadons pitpoih anhef danddncgabteneatakent iover &xeetalt he

lack of a low f£§98§ﬁ€¥o§1‘s €.and e{é]B%BPcéﬁy(r %%B%Qﬁgn% t NG Afﬁ}f’i’dﬂ%ftg 4

the thermal calibration gr 6cess may support t anot
standard of reféréhee. T ¢h|t§rnsuéml(LFi/e mrrmnﬁ% tb@epﬁ@d revakpeionas

t he magnetic
Modul ati on (RSN%\ggggﬁ gwglmﬁte Ofkn%% s%?bfl ca?a%ra?l?]bsﬁet%%ég]fﬂatlon
det er mi ni ng cha@géﬁ,anﬁehé@d-tth?— diagidimey rremiec expHdidiqih dchal data hebtginede

spaci ng | oss appyeaclhe éﬁl@ﬁﬁ:ﬁ%&bﬁepiﬂergﬁh £al t%féé?ﬂypféﬁfé’é'éﬁtéé in
partially based on the RSM net hod and perforned initially while the

actuator is hel BRRERPREL St hén®t ash §'t18§1%f t heh® arf@sy ?améﬁld:)ex&ﬁl &b ot h
t he t her nal and gFQE? iC gg&go&agtshggd/algﬁadgﬁﬁﬁl %gnﬁt 8ucéd”

~containing the ca ati ressi on ration depr ess?on
is fabricated oﬁaEébﬁafrt}PF’ac&’st oina tlies|d g afemne s taksne Q¥AaF t 8eperaih

and sputtering pe9e2atidons) REidN isbeibisaungt repregenteid ein dadAohet s
- obtained fromt RE Babrl cat ed depression. It 1s noted that the depression

fabricated in t A B™andi ng zone could alternatively be fabricated as a
manuf act ured bunp. A bunpTheowprepesed nthexthakelcaltibrenicnm hpa-dbéssk is

interf t he disk
b5 o result of BrRGIdesE §§“i§a§ﬁé”ﬂ§é‘nﬁ"e”m%2u%§%& eRager; . 5P
and air-beari ngfmaueaﬁyon(laﬁid REMt pekdémake pfkdhe Lh%%#t%‘f%lﬂﬂér sp3eing a

per manent cal i bgat i '(QiF)S' t 8nd AthRUIRrrRishondi ngO Hivedtlge dOeSrhdl Béﬁéﬁlﬁéad
lift-off nor any”ﬁl r-beari ng nodul ation. The calibration trench on a

_sSubstrate voltage vg,(LF) obtained jointly with the actuator leanlng
’ up a:_:[ainst the crash stop in the landing zone and
excluding the data obtained from the calibration pit. The
average peak value of the excluded thermal and magnetic
-pit data will yield vg,(Pit) and O8.(Pit).

The "AC" calibration coefficient (i) for the ith

head can now be determined from:

8 pp (LF) = Bypp (PiL)

v (BIO) = vzl /vl el

c(i) =

It should be observed that fér a pit, the following
conditions apply: 8,z-(LF) > 8- (Pit) and 8,,(LF) > 8, (Pit) .
The approximate formula for the ith thermal head-to-disk

spacing becomes:

By (1) = Syep (LF) + CLA) * A vy (7]

where Avy, = vy(defect) - vy (LF) . In the case of a bump,

cooling is present, assuming there is no head-to-MR



surface is al so i nexpensive to manufacture. Prior to discussing
one enbodi nent of a calibration procedure, it may be hel pful to define
several variables that are associated with the calibration process. It is
noted that the termLF (Low Frequency) refers to frequencies on the order
of disk rotation frequencies (RPM 60), such as 120 Hz at a rotation rate of
7200 RPM Referring to equations 6 and 7,41the term[err](LF) represents
the per revolution average of the AE nodule restored thermal voltage

(basel i ne) resp@ﬂ»@@enﬁ cRatRafkdi S§usorfevex sl Udi nnt Hee dedge obf ar nedts r Y
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revol ution averégeaggpnrrmfetbe t:hélhsmzheadp@b fise. seph@amnﬁrddsaaﬁten n

the I andi ng Zoniaﬁ&%pdli&é hsndaé@lé)bkabaed BJONEEH8A C Y baet Ite Pbhiteznd
is typically represenfed I n nanoneter Final |l erm

C[err](Pit) is tlﬁE‘et&Felfé’c}e peark/y adh@él)‘d@%"%pag‘i“Hﬁm’ﬁiioGEEBHachom
a c?l | br alt : on pinhyl bet h?dl&mﬁmga}z(li@détaiﬁ@( ther averageal RS[QVhéaﬂl-ﬁBSdlakd
is typically represented,in napongter nm..

thermal calibr aEPS‘ﬁ chw(:i%n é [ gl' us‘ﬁar?&u w}-{gg? % veol ugfgﬁt

average, |ow fb%&uﬂ@d (LF) '1'%5'\/'@@&&@1?5191‘ mfs hea@riﬂgdlﬁgnﬁlea&u&mg
[err](LF) and the correspondi nﬁ ayera g é‘ basel.i ol ing

v[err] (LF) obt aPfE§SPdMek ¢ WRERSEAE Eg’f‘ﬁ t U t&ﬁr’a@él fr gﬁge&tash

stop in the | andladgusqane and excludi ng the data obt ained fromthe.

calibration pit. The aver ' I

magnetic pit data will ylﬁ%% @F‘g?‘r JG?PH%Q{)I‘%@{E‘OEX(% g.%a) tthgm %ng&?e

cal i bration coefffi thenMRCheads okhe hehexmal rsgnalaranpensatd ofe enireadbackm

[err] I't -shouhdnha eRsebeedddiicd Provibiet a Ha1iehtevengdattRed thaks a

e e s T SR el
A disk surface analysis screening may, therefore, be
performed to detect disk defects using an inherent
normalization approach. One such approac.h is predicated
on using the inherent "background" thermal signal
information on a disk track as a reference from which clip

levels (i.e., failure thresholds) are derived. it is
important to note that both a quantitative and qualitative
evaluation of the surface topography of a disk may be
performed without a magnetic coating being applied to the
disk surface. Thus, a disk blank which is devoid of a
magnetic coating may be thoroughly analyzed for the
presence of surface defects and features, whether
purposefully or unintentionally provided thereon, prior to
further processing the disk blank. As such, ' costly-
prbcessing of a defective disk blank can be avoided.

The thermal background signal for a typical
magnetic data storage disk may be viewed as being composed
of five primary groups of frequencies. The first group
includes servo pattern frequencies which are dominant and
typically range between 2.5 MHz and 10 MHz. The second



spaci ng becones: [err](i) = [err] (LF) + C(i) [err][err]

[ 7] where [err] = [err](defect) - [err](LF) In the case of a bunp,
cooling is present, assumng there is no head-to- MR
41 elenent contact, thus [err] [err] < 0. 'In the case of a pit, M

el ement heating will occur because of increased head-to- disk separation,
thus [err] >0. Since the approxi mate therma® head-to-di sk spacing formula
was- cal i brated at the |ocatjon of the calibration pit (i.e., the inner

di anet er | andi ng¥2%Re inrkudes IgEvoblengidy| fremuencier definedi fmevethior

a | oad/ unl oad dbslgidinite) td FREO¥AH SfCHEAEdFIb harRakiypeda yupdaLiag

the average RS -1 0-djs acing Jer LF) .at the.track radiys - re
t he def ect occ%rggggetn g{)) K%_I(S:ZEO% igh ‘%’#s dﬂ?‘? nﬁﬁlﬁ'&nlﬁﬁﬁﬁ%r?ﬂﬁ uces
screeni ng, a nadnéercsarvsk foetebeiwsi,tt en athe heimledond refli dhe time

Even without cablelkald0Bedfrd Bﬁrﬁ'ﬂ%r, n%{: _égﬁ%ﬁﬂﬁa@%l}t/.% ﬁl;’eaq‘he.t ggugth

thermal signal conponent of a readbpack si can be’ used to provi :
qual i tative rat BEPYPhaRt a fHpoenes c28Ralhg sdBkat IRathesn shirpguencies
characteristi cswhActi sdxcesd ate MHal.ysiBhéchagibtficM@atal itda¥e, chR be

perfornmed to de%ﬁ.ﬁni‘i’xia%éijejf‘fg %r%scj]@gisarhi nchl__,ecf.ent normal i zati on approach.
I C €

One such approach 1s pre ated on ~using I nherent "background”
thermal signal informati GFheorfifeh sgronpcrias requensries aare onreadcband p

levels (i.e., zh@|upe1hBeeshe) dsgphear %_ﬂﬂ{i vggPoﬂrgPh'?s [ rmp%}ég&; t@paote
that both a quaptitative and qualitative evaluatfon o he surtac ,

t opogr aphy of ag‘&laéix tanA sk ngPGr’-ﬁSd FREREEE aAfaghetieSWidat 9fy BurEgce
applied to the datdatidmcof tHeiisgk.di %&Pweﬁ]vgha?g;fzﬁggvgystﬁi Zoup
dofect s and et chiMuSehCPYpuF BBk R FURLr I SRESRENY y 4 ofitfod

t hereon, prior wesponsesr whicksisngypikeldyslaboudnk. midsosscomd. cekithy
processing of apé'%%)%g ipMa disinpl e %@rfe%% %\foli"éﬁﬁbacgf -sE.gnal %ﬂﬁl&%ﬁﬁ !
background si gnal r g typical netic_data storage di sk nmay be“viewed as
bei ng conposed B‘Pdﬁqﬁ.;lﬁ"{rra?g ggg‘%&? off¥¥equéneies’ AmwGesst gRBupbe

i ncl udes servo peflieetivelsrmppressdd .ch 1ar d sdagitedn thand stighiadakby nodkee
_between 2.5 M_Izr%%q.ojé.o W'hegggtégﬁggg contact events are typically in
excess of 10:1 (20 db) and can be easily detected.

A number of filtering schemes may be employed to
filter the five noise sources identified above. Such
filtering schemes include the use of elliptic filters to
filter the readback signal. Bandstop elliptic filters
offer high attenuation and less phase distortion than
either Butterworth or Chebyshev filters. One useful
filtering scheme uses two elliptic bandstop filters. Each
fourth order digital elliptic bandstop filter has two
notches caused by two pairs of complex zeros in the
transfer function that are located on the unit circle in
the z-plane.. One "low notch" fourth order elliptic filter
would eliminate frequencies below approximately 15 KHz.
In practice, the inter-servo pattern frequency is the most
problematic as it is close to the desired detection
bandwidth for disk surface defects. The low-notch
elliptic filter can be designed to provide a notch at 120
Hz and 10.8 KHz which provides wvery high attenuation



42 group includes servo-length frequencies defined fromthe beginning to

t he end' of each servo burst typically rangi ng between 60 KHz and 70 KHz.
The third group includes inter-servo frequencies, or the inverse of the
time between servo bursts, at approximtely, 10 KHz. The fourth group of
frequencies are the data pattern frequencies which exceed 10 MHz. The
magnetic data pattern can be elimnated if @8 track is erased. The
fifth group of frequencies are broad band and relate to the disk
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Table 1. By separating a composite readback signal into
independent magnetic and thermal signal components, there

is provided an opportunity to wuse two independent,
simultaneous responses of the MR head to detect the same
"unknown phenomenon" or surface defect. Using the two
independent thermal and magnetic signals during disk
surface analysis provides for significantly increased
defect detection resolution and reliability. Enhanced
defect detection is realized by using a two dimensional
(2D) detection approach rather an one dimensional (1D)
- approach. A one dimensional detection approach is
referred to as an approach -that employs either the
magnetic or thermal signal, but not both. The use of the
two independent magnetic and thermal signals obtained from
same MR element at the same instant in time provides a
powerful tool for detecting and classifying unknown disk
surface defects.
A summary of differences between the magnetic
and thermal MR head-to-disk spacing response to the simple
'disk surface defects and permanent recording shown in Fig.



magnet oresi stive (MR) el enent, the nethod conprising the steps of:
readi ng ‘the signal fromthe storage nmedi umusing the MR el enent, the signal
conprising a thermal conponent representing a thermal response of the MR

el enent ; hi ghpass filtering the signal so as to pass content of the
signal above a first range of frequencies associated with the thernal
conponent of the signal and to degrade the 4hernmal conponent of the
signal ; and passi ng the highpass filtered signals throug

inverse filter HadishPEP¥4 nRelow prt FaPLEl ty |ﬂ¢eﬁ§3§Q)%¢rE§86ﬁ§E°°d
associ ated wi t hthae hhghpasdsk | erfage sdefiecaspr adivdle as reestayaited handal
signal substanti J.€p e r fe t a
Tead fromthe sPaPIss meatam YEACR S, LORLaR msORONGN T | HEyBLAD
obt ai ned fron1a59ﬂ®33géﬂ@9ﬂ5@wl@@ﬂn@saSuﬁﬁgn@ﬂéleyigiﬁvé mwmy @P@Eﬁﬁﬁ MRhe
met hod conpri si kg aldhe-eHRRBOf ! readi ng the signal fromthe storage
medi um usi ng the MR el enent, the signal conprising a thermal conponent
representing a thermal response of the MR elenent; passing the signal
through a circuit having a hi ghpass flltemﬂhg nehaV|our S0 as to pass
content of the signal other than

conponent of the S|gnal and to dLgEadk Rhepbhsenub Sumﬁanenoeihc&he -
signal; and passing the s}gnal t hr oyah ég&+gl§e§fbéélter havijg a

response substantially inverse tp a response associated wih the hlg pass
e . ‘ e

-filtering behav
substantial ly r¢

' Negative Positlve

Thermal Asperity Large Positive Negative

Magnetic Void “ i None Pogitive
Servo Sector None Negative and
Positive

Referring to the Table 1 above, a method for.
‘performing a disk surface defect analysis may be performed
as follows. First, a thermal scan is performed on each
surface of each disk provided in a data storage system.
The resulting thermal response is monitored for thermal
Voltages exceeding predetermined positiye and negative
thresholds. Since the thermal response is insensitive to
magnetic voids and pre-written servo sectors, this process
will eliminate the magnetic patterns in servo sectors and
magnetic voids as valid surface defects. It is noted that
a defect analysis process exclusively utilizing a magnetic
signal would erroneously indicate the presence of a
surface deféct_upon detecting a magnetic void or misplaced
permanent recording. Triggéring of the thermal threshold
detectors during the thermal scan can then be attributed



conpri si ng a t hermal conponent representing a thermal response of the MR

el ement ;' nodi fyi ng the signal such that the thernal conponent of

t he S|gnal i s degraded; and passi ng the nodified signal through an
infinite inmpul se response (IIR) filter to produce a restored thernal

signal substantially representative of the thermal conmponent of the signal
read fromthe storage nedium 4. A metHed for processing a signal
obtained froma storage medi um using a _magnetoresistive (MR) elenment, the
met hod conprisi kg tHess sy types of rauxtage t defsriaal nEReHV heP 5EBF age

medi um usi ng t heuBs¢l amEntthdfivalsi gepPéri €DOPT (TABY, A oFBGHIRIY i LA EHE

associated with fir range.of freguencies and a thermal conponent
representing a Fﬁ% F‘BFeS‘pgﬁgscsf EYﬁSSNR el enent, . passi ng cont ent

of the signal associated Wpghethe fihnformphhgs viyftrhemdreiwsisteh atathet he
thermal conponegyiggf é\fﬁa%&%céél&?géed%lc@ﬁda thermalp%fiﬁle%@locl@t@&é of
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content of the SiUHAFAREBYE Hiesehing wisoBokh m]suéﬁtﬁﬁgf’rlsheana "
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f th ' I
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thermal signal substantially rep es ntative o onent
signal read frdfh BRESEEor age nedi um

Thus, the heating and cooling of the MR element
in response to head-to-disk spacing change can be used to
detect and discriminate between mechanical damage to the
disk 24, which should be sufficient cause to reject the
disk, and other non-fatal disk defects such as pits and
magnetic voids, which should not be sufficient cause to
reject the disk. This disk surface defect analysis may be
performed in-situ or within a fully operational ‘data
storage system prior to shipment. Additionally, the
analysis may be performed in-situ during the in-£field
service life of a data storage system and at pre-
established times for purposes of performing predictive
failure analysis on the data storage system.
Alternatively, the disk surface defect analysis may be
performed on disk blanks devoid of a fnagnetiC' coating in
order to avoid further processing of defective disk
blanks.

A method for classifying disk defects can be
formulated 'using the negative and positive peaks of the
thermal signal extracted from an MR head. ‘One embodiment
of a defect classification method is derived from the
determination that for disk depressions (e.g., pits), the



6. A nmet hod for processing a si gnal obtained froma storage nedi um usi ng-
a '‘'magnetoresistive (MR) elenent, the nethod conprising the steps of:
reading the signal fromthe storage nediumusing the MR el enent, the

signal conprising servo information; modi fyi ng the signal such that
a thermal conponent of the signal representing a thermal response of the
MR el enent i s degraded; and alterinag the nodified signal to produce

a restored thermal signal substantially representative of the thermal
conponent of thehergail sigaglf igmngpses ckaganpkitude 8Re theedfBorebeneRt mal

signal representifgst i AGEVRd HHY MB{drhsed -head AJRL dfticiHPCcesPbAg a
si gnal obtained from stor%g ig%glu usi ng §1 magnet oresi stive é . _
el enent, the nethdd € ﬁﬁ?i?‘ng | qggﬁﬁ?%ﬁ:t ere 18y My I SPGhEPf rom
t he storage nmedvhichsiwgulde dMseleneit, the prgdakctioconpeEsi ag megaygiredi c
conponent and ng, + efenti,ng mal response of the
MR el enent; ap&f&%ggyfgﬁ%gagﬁeggégﬁglBgu%hgtﬁgthgﬁg'thernal conponent is
degr aded:; al teri ngFpRecomditiens ofmaan beplofecdigk, esnbrel . t Hae nal

si gnal substantygl langenedit ecephati veMpl &léemdher dobliagporesniles tike shanal
read fromthe stor i i

e mediu and . extragting.the netj.c C onent
fromthe signalpﬁ9ggﬁBfPBc?EL§ PEIAT LR SFUPI ¢ 1:5%;%%%%1%ﬁ%qﬁ¥?%ﬁﬂ' |
si gnal . A criterion for testing a disk for mechaniddl damageAis
si gnal processing apparatus for an information storage device including an
i nformation sto?gﬁﬁ ngHFunl conprising: a transducer, including a
magnet oresi stive (MR) . elenent, for twadi#g ®isixgral from the storagel8]
medi um the sigg%éxéonprising a thermal corponent representing a thermnal
response of the fement; - - a.circuit, coupled to the transducer,
that nodifies the siYmaliisstbe pogitive peakn@f wghponent of the signal is

. degr aded; and a,filter coupled to,the circuit.and having a
response substantialV? Fﬁv@%?éhﬁgaglve peak d% Vra? and '

T is the thermal voltage ;hreshold which, if
exceeded, indicates the presence of disk mechanical

damage. i

It has been determined by the inventors that the
test criterion of equatibn [8] may be used to accurately
identify the presence of existing or imminent mechanical
disk .damage. The application of equation [8] is
appropriate for determining the presence of disk
mechanical damage because such damage is associated with
both heating, caused by the disk defect displacing a head,
and cooling, caused by the MR element due to its proximity
with the disk surface. For other disk defects not
associated with upward disk surface protrusions, such as

" plating pits, the thermal voltage signal does not exhibit
a sufficiently large negative peak to warrant concern,
since there is no significant amount of MR element cooling
that occurs. Moreover, disk defects which profoundly
affect the magnetic signal, ‘such as magnetic voids, do not
result in the production of an appreciable thermal
response. It has heretofore been common practice by the
manufacturers of magnetic data storage disks to reject and



filtering response of the circuit, that produces a restored thernmal signal
substantially representative of the t hermal conponent of the signal read
fromthe storage nediumusing the signal received fromthe circuit. 9.

A signal processing apparatus for an information storage device including
an information storage nmedium conprising: a transducer, including
a magnet oresi stive (I\/R) el enent for reading % signal from the st or age

medi um the signgl ISII’) a.the gnent resent n

response of thg %ﬂ! SP&; ett élg'ﬁﬁ {}P?t c ’6’}5&2 ?ﬂeg?%ﬁgﬁﬁgg?'c
that nodifies thwaghgtak gmﬁﬂﬂkwwlnhe pnewnmm10@mhmﬁuxﬂen5mmegradedpraﬂd
an infinite inpukgg wméﬁiﬁ)v&iéfrch&owheénbe Jie Hddribd ﬁ.haisk

produces a restored ther al substanti_al representative of
t hermal conponenteGRaPHE g‘?f’é!‘ag‘? ed@sPriatere “@tté‘r a"gf%e nBaeRRELS; rf@f”t41e°r
signal received bthen:bvlieem rcuit. 10. A signal processing apparatus for

conpri si ng: ) : ) .
transducer, inclheFnWgea AagAgsorRdi Sail squgRnine Aiteria. r dadeKgmrlsi ghal
from the st Or agguehd gl Blcrlelda il Ry veO IR ilvéa Byt ktemalqueeiRanient

an information storage devipgeoalid "g lrve"EQhMBL QBed! 9638f§g§9ﬁ15!ﬂ£te a

representing a thermal response of the MR el enent; a circuit,
coupled to the transducer, that nodifieghe i gr@l such that the ther
conponent i s degraded,; and an infinitté i nful se response (IR T84

filter, coupled to the circuit and programmed to have a response
substantially i nwhere W #&sf thé eningmuesticsrsea Dfvdltags r cui tis thet maxddumes
a restored thermnal g.nal substantially representative of the thermnal
conponent .of- t hetse k@IS o @thdl sty &ge AP Gn BEBnGORAEABEGmal I

received fromthg ei mCHI.? and C, = 1, for example, then the pass-fail curve
' is a section of a circle with radius equal to VG-

The identification of specific types of surface
defects may be established by empioying a disk surface
defect detection circuit. 1In the embodiment illustrated
in Fig. 23, a defect identification circuit 91 is -
implemented using an analog circuit, although it is
understood that the defect identification circuit 91 may
alternatively be implemented as a digital circuit or
effectuated through digital signal processing. The defect
detection identification 91 detects a thermal asperity
(TA), for example, by measuring the total thermal voltage
signal difference A v, (TA) between the negative thermal

cooling peak v (cool) and the positive peak of the

thermal asperity "heating" spike v, (warm), as given by:

A vp (TA) = vy, (warm) - vy, (cool) {10]

A thermal voltage signal v, is extracted from a

readback signal by the signal separation/restoration
module 76, and communicated to a positive peak-hold
circuit 71 and a negative peak-hold circuit 73. The
positive peak-hold circuit 71 buffers the positive peak



11. A signal processing apparatus for an information storage device

i ncl udihg an information storage medium conprising: a transducer
including a magnetoresistive (MR) elenent, for reading fromthe storage
medi um a signal conprising a thermal conponent representing a thernal
response of the MR el enent, the thermal conponent of the signal being
associated with a first range of frequenci$; a circuit, coupled

to the transducer t hat passt%@Sontent of the signal above_ the flrst range
of frequencies 3t alcofpgRaht ; Vamdwarm it ehidgupkbg to

the circuit, nﬁggaocaﬁﬁé EORURDE OF1 ERE1 61 9320nA5808) el MEdDeiDE. LOR!

range of frequencis to produce a restofed fhermal signa
representative ofktage rﬁﬂe(ﬁﬁﬁ%ﬁﬁ%ﬂs%ﬂna¥hﬁhs(©maﬂ r ealy P%Bn@?ﬁ@Ctor

storage. medi um ,gl2. &mﬁﬁeﬁe%%' IOLQS{F{?,S'QQ a&g@f@é*’o}éfr %%11’51%&”&&' Na

storage device |nclu nf or ma sto
57 at rmtor mmw%mnét%@iwmd( R) d@Feﬁﬁnﬁurf@pe

reading fromt hepnﬁqs g@orﬂi%&m@a?ﬁl ﬁﬁ@koﬁﬁﬂﬁtésmﬁua theesRb180WBAREKE
Coupl od 10 the THEMSGEERS e HAEt L BHLA (¥ S ~above 500
kilohertz and degrades the, thigiimdeCiRANEY 1Qf diﬁ&l%&QQahmeEQented.and@
filter, coupled tq the CIrCUIt (%Qat rej ects content of he si gnal, above

500 kilohertz (QRIRIAKSA o §RstdRtRFE hefHRAiacs goamps) hBYancP ing an
r epr esent ag ive dppf@ﬁméralnpimmimﬁhl oldf volleagedDaly @l fthemebative
storage nmedi um nal processing t f t ,
st orage devi ce it ek r}gt Vrw (cooﬁﬁnf o?n%ﬁlggﬁégt%é ép{tﬁggiéu% c%?np#rfg'lsng

--ahtransducer Irazlwll r&;@amgnﬂt oinﬁsléﬁén&dh Mane| @@bralted I e detidctm
the storage mqlim s UlleSTRIE SHY SohBSEIRL PUSHon RIS e TR 2
threshold voltage T, and the thermal difference signal

(vgy (warm) - v, (cool)) produced by a summing circuit 81.

In an embodiment that does not employ the positive and
negative peak-hold circuits 71 and 73, the maximum
positive and minimum negative peak values of the thermal
response voltage ‘v, may be monitored continuously with

respect to  preset threshold values for defect
identification.

The logic level of the three comparators 75, 77,
and 79 may be configured to form a three bit word {TA,
BUMP, PIT} used in connection with a pass/fail decision
table as shown below in Table 2. As discussed previously,
a verification procedure may be subsequently performed in
the case of a disk failure by writing a magnetic track_tb



of the MR el enent and a nagnetlc conponent associated with a first
fréquenci es; acircuit, coupled to the transducer,
content of the signal associated with the first
degrades the thermal conponent of the signal; and
to the circuit, that passes content of the signal below the first range of
frequencies to produce a restored thermal si4mal substantially
representative of the thermal onent of the signal read fromthe
storage medium the digk sﬁgﬁalp aygichprapPRF apnd/Par REM | Mesifachbaon
storage device i gelggdi ng an |nfornat|on st orage nedi um conpri sing:

a transducer, including a magnetoresistive (MR) elenent, for reading a

range of
t hat pass
range of frequencies and

a filter, coupled

signal from the storage nedium the signal conprising a magnetic comnmponent
and a thermal conponent representing a t aBmE 2r esponse of the MR el enent;
58 a circuit, coupled to the transducer, that nodifies the signa
such that the therns onponent is degraded: a_nagnetic signal
filter, coupled jo th@oﬁ?ggghgr Lgﬁgcpgggggsthe -gnetic conmponent of tHe
si gnal ; and a fi ter, coup ed to the cirguit f’ roduces a
restored ther nal I \t|V%P%ﬁ ??éﬁt¢ﬁ&?ﬁﬁla
conponent of the I ¢ ivgd fromthe circuit. 19
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e _ 1 1 0 Fail (farge bumnp)

1 1 1 Fail (bump with TA)

24, there is illustrated

various steps for performing an error recovery routine

Referring to Fig.

that utilizes a thermal signal component of a readback

signal. The error recovery routine described in flow

diagram form in Fig.
of

purposes

‘condition,

standard error recovery routines.

recovering data due

to a severe

24 "is generally appropriate for
error

and typically after performing a number of

At step 530,

the

defective gector containing lost or unreadable information

is identified.
defective sector or disk area at step 532.
readback signal

A readback signal is sampled for the

is

stored at step 534.

The

The sampled
stored

readback signal corresponding to a defective sector is

indicated as RS pgpgern)

M (perEcT)

+ T (pereem +

where RS gpepeen

represents the total readback signal obtained from the



a filter that receives the conposite signal fromthe circuit and produces a
restored thermal signal substantially representative of the thermal
conponent of the conposite 'signal; and a signal summ ng devi ce,
coupled to the circuit and the filter, that substantially elimnates the
t hermal conponent of the conposite signal by subtracting the restored
thermal signal fromthe conposite signal t o % oduce a restored magnetic

signal. 16. roces SI ng ,apparat us_f or orrratlon stora e
devi ce i ncl udi ngaéﬁggélﬁ’g Sﬁ st@P%Y@fé’ nﬁ%ﬁ’ﬁﬁe’i}oﬂppg ic al
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conposite si gnaldsﬂed:tihatséd:tort her mal corrponent i s degraded;

filter that receives the cg %ﬁgas%:%\al ékf ter}_%&_llg, ui %ﬁgggﬁprgfluc&ls]g

restored thermal signal y represen at1ve of
conponent of theg‘é%ﬁib%%lﬁﬁeasigngiras After qompl@tding @nasvuralef cehe

coupled to the cdefedtivaddiltk fé\hi‘ﬁéceth%a%li%hanta{ ai:éadbgbkms&%tr&a the
t hermal conponent_of t(ge co s ite si gg subtractl ng the restored
thermal signal ORI tf,8f‘fp & £X7 Id? SFL¥G cECGEPES A df q cat

si gnal ; shep ei538t.he Thet areaidbaak nnhgnagnadamps'l.q)rﬁroﬂeat}m emased
output of the {1 4dELcfiVle! DEcebes1ar ¢dptRAlRELE SLIRE 13 I B 0o, ahndpe
rré‘i"‘l‘s n

output of the si sunmi ng Gavi & t dFAgL’ devrice,
conpri si ng: S (zragp)t EEPTESCALS] r?d”m(ﬁcﬁgﬂa reafhack e%ignal/esqmaél £rent :

a. storage nedi Un‘&he erased®@Nd8PEALAVES d&btdmy i aadatT mgft ?ﬁ‘e%fentt@e the
transducer and t nedj umto rovide a £6| %tl rmve ween
transducer and t e:F'lB gna componen e Yea ack s:Lgnal RS (BRASE)

obta:Lned from the erased defective sector. It is noted
. that the magnetic signal component of the readback signal
RS (grase) is not included since the erasure process
i eliminates substantially all of the magnetic signal
component from the defective sector.

It is noted, however, that micro-fissures on the
disk surface can maintain a small amount of magnetic flux,
notwithstanding the erasure procedure. As such, it may be
desirable to extract and store the thermal signal T (erase)
from the readback signal derived from the erased defective
sector, as indicated as step 540. It is noted that T pgeeer
is substantially equivalent to Tigasyy @8 verified by the
thermal signal waveforms discussed hereinabove with
respect to Figs. 6(a) and 6(b). At step 542, the readback
signal obtained for the erased defective sector at step .
538 is subtracted from the readback signal derived from
the defective sector at step 532. This subtraction
produces the recovered magnetic signal component M zgcoveren)
of the defective sector, as indicated at step 542. The
recovered magnetic signal M ggeoverery 18 then stored in memory
or elsewhere on the data storage disk. 1In the last step

546, the recovered magnetic signal M gzgeoverery 1S then passed



a circuit, coupled to the transducer, for nodifying a signal read fromthe

st orage* nedi um using the MR el enent such that a thernmal conponent of the

signal representing a thernmal response of the MR el enent is degraded; and

a filter, coupled to the circuit and having a response substantially

inverse to a filtering response of the circuit, for producing a restored

- thermal signal substantially TepresentativeSbf the thermal conponent of
the signal read fromthe stora% medi um usi ng _the signal recejved fromthe

circuit. from memory through the regular data recgyfing chappel

i nformation stor agerdediee,irfumEtsiolgis decodeda imtan $dueety iweaddsdi ng a
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novi ng at | east one of the Mtive
nmovenent bet weenmMosd fiicaisiqnse angngddhsinpai gan be made ta> @:hecernbode@gptéd

“to the transducealstdwséa)diefﬂea.slaamsﬂegmlwo%ddteba.mtmg i’&:@inaﬂﬁe gedpeNbr

he MR el h |
o Ssontimo o CERe s Gk R S e P ORPEen: Reogfitall’ shg scope

an infinite inpukﬂb thsp@n&@e@d[@nﬁemtrmn phogldnnnﬂ:tbehéﬂmu&eﬁegpmnShe
substantially in @?%iédi bbgai F?sggﬂéghég #hgdﬁ*;CU| <m9ﬂfdﬂﬁﬁs

a restored ther tan represent attve df t e erm
conponent of thedﬁfqmd mb]dfhmrﬁhqnefulsh @négéa#@dlsﬁm?sﬁfgtﬂ‘ﬁecéﬁémﬁl set
received from t h&gid Bdlow.19. An i nformation storage device, conprising
a storage nedi um a trahsducer, including a magnetoresistive (MR
element, for reading fromthe storage nmediuma signal conprising a thernal
conponent representing a thernmal response of the MR el enent and associ at ed
with a first range of frequencies; - - an apparatus for noving at.|east:
one of the transducer and the nmediumto provide a relative nmovenent

bet ween the transducer. and the nedi um




acircuit, coupled to the transducer, that passes content of the signal
above tHe first range of frequenC|es and degrades the thermal conponent of

t he signal; and a filter, coupled to the circu“r‘ﬂﬂnﬂfjﬁrﬁﬁﬂ}———_
content of the signal associated with the first range

produce a restored thermal signal substantially represe gﬂmjﬁ Eﬂ,ﬁ" E\m,

t hermal conponent of the signal read fromt storage .ne

i nformati on storage device, conprising:

61 a storage nedi um a trafd@d¥sr, including a

magnet oresi stive (MR) elenent, for reading from t he storage nedium a .
conposite signal conprisin e a d r onent
representing a therma?' resgoﬁggﬁg? t'tfh% %%@%%@%‘1 3 ngtng%' rz;%tap agtu s>F or
novi ng at | east ¥nNELOFaZRe My einging t“ﬁénﬁeeireﬁ?-?elﬁﬁodmé aelemram ve

novenent bet weenth@eméeaaadggﬂpr@gﬂnghehgegtgﬁb of: a ci rcwt coupl ed
to the transducer, that nodifi.es t e (of0) ite sigpal such that

thermal conponent is degraligdding & Jg)r}af]l f&Pn ﬁgﬁ ?E%E?gﬁé“?%'&d%ﬁfcfﬁt e
signal fromthe t:heclaRteaieuiept@duces a-restored thernmal signal
substantially representati mal on of C

signal ; and a si Mﬁd Rﬁﬁ gﬁélcgl cggpleghpb g%gﬁélggﬁﬁ?kdﬁga%he
filter, that subg?%PnapgyOf echﬁFnﬁﬁeﬁ%l trwmeimmmgcanpbﬁemloreamnse of

conposite signal thy ggbémﬁéhaglghaegggagaedanaher rral signal fromthe
conposite signal to produce wherein the

E restorgg g a a
restored thermal signal is®pFEY*BEd B %tﬁ? S{‘%a}l 1 %2r i¢e 2
-restored nagneti cestgretl ithepmali deilgnal anubstpntlailyha-e@m@mdn.twﬁm'eﬁgof

devi ce. the thermal component of the signal read from the storage.
medium.
2. The method of c¢laim 1, wherein:

the thermal component of the signal read from
the storage medium is associated with a first range of
frequencies; .

the modifying step includes the step of highpass
filtering the signal so as to pass content of the signal
above the first range of frequencies and to degrade the
thermal component of the signal; and

the altering step includes the step of filtering

the modified signal to produce the restored thermal
signal.

3. The method of claim 2, wherein: _ .

the step of filtering the modified signal

includes the step of passing the modified signai through
an inverse filter having a response substantially inverse

to a response associated with the highpass filtering step.

4. The method of claim 1, wherein:
the modifying step includes the step of passing
the signal through a circuit having a highpass filtering
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53 behavior so as to pass content of the signal other than—the_thermal

conponeht and to degrade the thermal conponent of the¢i EI' and

the altering step includes the step of passing the no I!{fmﬂ\m"!ough
e
S * 5

an inverse filter having a response substantially inverSee '
associated wth the highpass filtering behavior of the circuit. .
The nmethod of claim1l, wherein: t$® signal read fromthe storage
medi um conpri ses a magneti c conponent and the thermal conponent;

the nodi fyi ng stepavierudss ametat ppssf contteati of tthe s$igral sothert thpass

the magnetic copenenkrahlt BempbaBat aAE t& Haprade e chemaal csﬁag*eﬁeﬁet
of the signal; |tering step includes the step o

and . t he
filtering the r’rﬁgi fFhgy sdoprdi ta(?%r oduce the restored thernal signal.
6. The nmethod of clai m1thshexldiariree stidrpringlsdep thel sdep dblepabefngf
passi ng the nodiii.e L opplg t ks L i k rﬁq_s[|
filter to produl(t::ie‘llet ﬁ%&% estoc% egigﬂg?mﬁfglfgﬁglér? &Hpgkég. Q%qsné?%%ifﬁ%f a
claim1, wherei ¥esponse subgiantiahly LBYEreeolrt e Le8PARRe negsomiated

conprises a naggihC thHPERRHa s FAQ talrethgMddhad ifidy Yf @ iQfcuit .
frequenci es; _ the nodi fying step i ncludes the step of passing
content of the signal read from the storage mnedium associated with
-the first range of fBequeMhicesmetihofl of claim 1t,hevheirtedmi:ng step includes

the step of passing conteny,of %ic;%'%?dl:%g?gn iifg.\%ﬁer%q{né)w L6 E&E St nbRR4 Of

frequenci es. 8. The net

54 t FOMPFEiSRE 7y MacRe i camwenemt andpthe Fhexmad compenenss
the signal read fromthe ¥Hy agRodBEN e abgrepapahedndeise! WIRO0 kitpheplez;
and . . . - - : . - - :
filtering the signal so as to pass the magnetic component
of the signal and to degrade the thermal component of the
signal; and '
the altering step includes the step of filtering
the modified signal to produce the restored thermal

signal.

6. The method of claim 1, wherein the altering step
includes the step of passing the modified signal through
an infinite impulse response (IIR) filter to produce the
restored thermal signal.

7. The method of claim 1, wherein:

the signal read from the storage medium
comprises a magnetic component associated with a first
range of frequencies; .

the modifying step includes the step of passing
content of the signal read from the storage medium
associated with the first range of frequencies; and

the altering step includes the step of passing
content of the modified signal below the first range of
frequencies. '

8. The method of claim 1, wherein:
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the altering step includes the step of rejecting contpnt of the nodified
si gnal’ dbove approxi mately 500 kil ohertz. .- The nmethod of claiml,
wherein the restored thermal signal represents a sepaﬂﬂ"ﬁﬂ"ﬂlﬂﬂﬂlﬁﬁlu

bet ween the ‘MR el enent and the storage medi um f
claim9, wherein the restored thermal signal_ varies proportlonal I y in

response to variations in the separation di stance between the M el enent
and the storage nedi um

th d 1, wh th
restored thernal signal reﬁth?sg\?éfyén?uﬁ 58218%1‘1&?3 g}‘et ﬁ‘éeg‘g#gﬁﬁsglng

medi um 12ontéhe et ldok figriadi relgd vieomei the het oraggel medidn f abovehe
storage medi um cQERLLRSR ggrl\{,o 5|0r6fek Rhe9R - .aRg gt he restored thermal signal
represents the servo informatio 3 The_nethod of claim1],

wherein the signal read fr&Ret ﬁét§Fbpﬁg%tﬁBd’rrEﬁPr‘b‘%?ﬁ)rqt?e§t&Prr8§n’é?Il%Ctlng
conponent repr eseohitegtsestothaf mowitfizd signal adbovéheapmidwithatfels) abool,
I ncl udi ng the fug&ﬁ]_‘e[’he%:ep of extracting a magnetic conponent fromthe

si gnal . mét'hod of claim 1, wherein the signal read fromthe
storage nedi um conprises the thermal conponent and a magnetic conponent,

the nmethod including bhe fuyihhepeh® £ claim 1, wherein the restored
55 extractin t he gnetic corrgonent from the

subtracting the FBSEBA d SRR} Ir§P§ﬁ§FnF ofh tsf?é’as’ﬁ'ad:r?é?n Slgtan‘i% batwegRal
processi ng appar ghes MROk lamentf andatthen stiovagege mdeddiuwe i ncl udi ng an.

I nformati on storage nedi um
10. The method of claim 9, wherein the restored
thermal 'signal varies proportionally in response ' to-
variations in the separation distance between the MR
element and the storage medium.

11. The method of claim 1, wherein the restored
thermal signal representsia surface profile of the storage
medium.

12. The method of claim 1, wherein the signal read
from the storage medium compriseé servo information, and
the restored thermal signal represents the. sexvo
information.

13. The method of claim 1, wherein the signal read
from the storage medium comprises a magnetic component
representing servo information.

14. The method of claim 1, including the further
step of extracting a magnetic component from the signal.

15. The method of claim 1, whergin the signal read
from the storage medium comprises the thermal component
and a magnetic component, the method including the further
step of:

—_—
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“conpri 5| ng: a transducer including a nagnetoresistive{MJ)—

el enent®, a circuit, coupled to the transducer, for nodif

si gnal read from the storage medi um usi ng the MR el mumynﬂ“gi“!ﬁ

t hermal conponent of the signal representing a ther e MR
el enment is degraded; and a filter, coupled td the'cifcurt, for

producing a restored thernal signal substanf’?al |y representative of t he

thermal conponent of the si read from t he st.orage rredl um usi th
nodi fi ed signal received f?’g?ﬁ?cﬁre e magretic ) £ompo :}%L‘fé S'Th

claim 16, wher eisighrel foy tsexbﬂmtangegyh@nsessgbsdaquahay smzxmlsefncm &he
filtering responsgyefithe circuit. 18. The apparatus of claim 16,
wherein the filter conprises an infinite inmpulse response (IIR) filter.

19. The apparatus of claim 18, wherein the IIRfilter is programed to have
a response subst ant ialéy imweigrl pradesstiag appaeapassonfan Hafomeitiiion

20, The appar ot s Sfagh ShByiBe WiEdkng an intorhlEiblicRERL-6A TR, Of

t he signal read e storage nmedium- s assocrated Wt rst range of
frequenci es; Comprlstlm circuit passes content of the signal above

56 the first range of freguepgh8auassd daeladengt Bembl %ﬁ@@ré’s@.@&&wt(bﬁi)
the signal; and the filter passes content of the nodified signal

associ ated with $HI¥RF 5t range of frequencies to produce the restored
t hermal signal. 21.a Tdderappay atclaup)lectl dion Jﬁhe vvhma&isﬁucer, for

;Bﬁré'xfﬁz'tél VISORCRE g o higi) SHERE e GG AR S WP TR R
the modi fi ed si gfRl elementedudtorthak 8i rtdlﬁmad-bcﬂﬁénmrd;(mﬁt &he Spi@nal
) representing a thermal response of the MR element is -
degraded; and
. a filter, coupled to the circuit, for producing
a restored thermal 81gna1 substantially representative of
the thermal compornent of the signal read from the storage
medium using the modified signal received from the
circuit..

17. The apparatus of claim 16, wherein the filter
has a response substantially inverse to a filtering
response of the circuit. '

18. The apparatus of claim 16, wherein the filter

comprises an infinite impulse response (IIR) filter.

19. The apparatus of claim 18, wherein the IIR
filter is programmed to have a response substantially
inverse to a filtering response of the circuit.

20. The apparatus of claim 16, wherein:
the thermal component of the signal read from
the storage medium is associated with a first range of
frequencies;

the circuit passes content of the signal above

___________——————”f~ﬂ
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kil ohertz. 22. The apparatus of claim 16, wherein: t he
signal’ *‘read from the storage medium conprises a magnetic si gnal

conponent associated with a first range of frequenci fﬂl'@mlmu m!l
circuit passes content of the signal read fromthe:s

associated wth the first range of frequencies and degra es't he thermal
conponent of the signal; and the 66l ter passes content of the

modi fi ed signal recei yed fromthe circuit below the first range of
frequenci es. the birsthgapgpacst draguanaias 13nd cdagradengthemtdesmadl
signal filter caitu@shdrt tdf the calidndDf Ha%Sing a magnetic signal

conponent of the signal df t he stora
apparatus of claim 186, co%er sﬁr%er passes ﬁggpkjn‘g# ts}tﬁnﬂ"r?d?fdee\ﬂ &}gnal
coupled to the @gsadiated wikh fihe dFifar g wing relguenssitesr ¢ predvade

signal from the d{d tylsaebf OResi teighgnal fromthe circuit, the
conposi te signal being read fromthe storage medi um

57 wusing the MR elenent and conprising the thermal conponent and a
nmagnetic conponent; 21. The vipparacidecosi glwim SLeTiwigextein ce

substantially elimnates t o mi?{,gag_tnggg%ggnt thetnrle &Pn?ﬂél Eiﬁﬁ%ﬁnaﬂea@’

subtracting the restored t Fom T he conposi te”si

produce a restorféfpmrﬁd?ﬁeﬁt@rmwledlum abovesapphexippie by K0 Gk idiohentes,
wherein the restgy®ed thernmal signal is provided at an output of the filter

and the restored magnetlc 5| n IS ovi.ded at an out put of the signal
sunmmi ng’ devi ce. _ % a‘%%ﬁﬁ’ﬁatre@ﬁcﬁsorﬁﬁgtﬁﬁgl c®f ddfr |"Qq%tf'§‘ed
a transducer i nadighaly feﬁegmedofesmsthéecwamel alsove, approximatelystsg@mge

medi um i;ek?ef for noving at |east._-one of the transducer and the
medi um to provi d’é 2¥1ve movenent between the

22. The apparatus of claini 16, wherein:
the signal read from the :storage medium
comprises a magnetic'signal cbmponent associated with a
first range of frequencies; ! '
the circuit passes content of the signal read
from the storage medium associated with the fixrst range of
frequencies and degrades the thermal component of the
signal; and
the filter passes content of the modified signal
received from the c¢ircuit below the first range of
frequencies.

23. The apparatus of claim 16, comprising a magnetic
signal filter coupled to the circuit for passing a
magnetic signal component of the signal read from the
storage medium.

24. The apparatus of claim 16, comprising:

a signal summing device coupled to the circuit
and the filter for receiving the restored thermal signal
from the filter and a composite signal from thé circuit,
the composite signal being read from the storage medium
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transducer and the nedium | a circuit, coupled to the. transducer
for nﬂdlfylng a signal read fromthe storage medi umusing the MR el enent

such that a thernmal conponent of the signal represenmnﬂmmm I'I”Iﬂsponse
of the MR elenent is degraded; and afilte 0

circuit, for producing a restored thermal signal substfanfial

representative of the thermal conponent of e signal read fronlthe st or age

nedi um using the C he circ
27. The apparatus 0 ?gngﬁéH§§68f%ﬁ€$%|%£§h§$¥§$%% géhéafk%g%% s%omponent
substantially |®W®r%emag@66;¢|F@@PPﬁgntesponse of the circuit. 28.

The apparatus of Claln126 wméﬁéﬂhnthéesighéfrs&ﬁﬁﬁﬁgS&§v1é@ sﬁwﬁﬁéﬁéfhlly
i mpul se respons

programed to h égﬁﬁné% sgB§FQﬁ}|§PWqu$ﬂ51ﬂ§tQP%iq?WR?ﬁ¥?% ?%%%%%se
of the circuit. by subtztgacﬂ'imgamimatnﬁsmecd aitime2talwhedgnhal from the

the thermal 90”n9§@?5sféetgf ﬁé?”? g?&ﬁuEé°H1EH&té&Q&aﬂgﬂﬂﬁgiH”b& nal.

associated with a first rang uencl es; e Circuit passes
content of the signal above the first range of frequencies and degrades the

tEernag ?ongonent of 2He srH8akpp aﬂdtﬁs of clalhh24fl$ﬁffeﬁﬂsﬁﬁé £88t 8Pk Of
the nodified si ociate ‘h.the. fi.rsf range_o r encLe

produce the res?%ﬁ%ﬁm? efhEra g 3R aP? provises aéo gﬂ%pﬁﬁpﬁfq€5§ t+f5?5iﬂ?§6,
conpri si ng: the reatergdamagnemungsdgmﬁdeJgnuummidadtduaanr@mmpuandf
the filter-for €§g|gigﬂaihgu&ﬁghgragv&ggrnal signal fromthe filter and a

conposite signal fromthe circult e conposite signal being read fromthe
storage nmediumusing the MR el ement and conprising the thermal conponent

and a nagnetic -conponggt, AﬁeiﬁEBrmatlon storhge dévg&el cofp®iRfg: device
substantially elimnates the_ther conpone the co Site sj b
subtracting the restored tRefFraRs g%ﬁﬁﬁ 344;H (ﬁNﬂﬁﬁﬁ%&?%ﬁ?ﬁﬁﬁ'g (MRY
produce a restorellemegheti c signal;
a storage medium;
means for moving at least one of the transducer
and the medium to provide a relative movement between the
transducer and the medium;
a circuit, coupled to the transducer, for
modifying'a signal read from the storage medium using the
MR element such that a thermal component of the signal
representing a thermal response of the MR element is
degraded; and '
a filter, coupled to the circuit, for producing
a restored thermal signal substantially representative of
the thermal component of the signal read from the storage
medium using the modified signal received from the
circuit.

27. The apparatus of claim 26, wherein the filter
has a response substantially inverse to a filtering
response of the circuit.

28. The apparatus of claim 26, wherein the filter

comprises an infinite impulse response (IIR) filter

\x
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and the restored thermal signal is prOV|ded at an output of the
fil'terr and the restored magnetic signal is prOV|dedfaf*an‘6UTEU' of the

v S et g

programmed to have a response substantially inverse to a
filtering response of the circuit.

58

29. The apparatus of claim 26, wherein:

the thermal component of the signal read from
the storage medium is associated with a first range of
frequencies;

the circuit passes content of the signal above
the first range of frequencies and degrades the thermal
component of the signal; and

the filter passes content of the modified signal
associated with the first range of frequenc1es to produce
the restored thermal signal. "

30. - The apparatus of claim 26, cbmprising:

a signal summing device coupled to the circuit
and the filter for receiving the restored thermal signal
from the filter and a composite signal from the circuit,
the composite signal being read from the storage medium
using the MR element and comprising the thermal component
and a magnetic component, wherein:

_ the signal summing " device substantially
eliminates the thermal component of the composite signal
by subtracting the restored thermal signal from the
composite signal to produce a restored magnetic signal;
and

the restored thermal signal is provided at an
output of the filter and the restored magnetic signal is

" provided at an output of the signal summing device.
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