1 METHOD AND APPARATUS FOR POSI TI ONI NG A DUAL ELEMENT MAGNETORESI STI VE HEAD
FIEQD OF THE | NVENTI ON The present invention relates generally 0{“@#

st orage systens *and, nore particularly, to a nethod and appar fo
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coaxially nounted on.a hub of a spindle notor. The spindle notor rotates
the disks at speeds typically on the order of several thousand-
revol uti ons-per-m nute. Digital information, representing various types
of data, is typically witten to and read fromthe data storage di sks by
one or nore transducers, or reagtsthtSr eadsSTNEN®ROR € nounted to an
actuator assenbly and passed over the surface of the rapidly rotating
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.BACRGROUND OF THE INVENTION

A typical data storage system includes a
magnetic medium for storing data in magnetic form and a
transducer used to read and/or write magnetic data from/to
the storage 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,
repfesenting various types of data, is typically written
to and read from the data storage disks by one or more
transducers, or read/write heads, which are mounted to an
actuator assembly and passed over the surface of the
rapidly rotating disks.

. The actuator assembly typically includes a coil
asseﬁbly and a plurality of outwardly extending arms
having flexible suspensions with one or more transducers
and slider bodies being mounted on the suspensions. The
suspensions are interleaved within the stack of rotating
disks, typically by means of an arm aséembly (E/block)
mounted to the actuator assembly. The coil assembly
generally interacts with a permanent magnet structure, and



opposite the actuator arnms. In a typical digital data storage system
di gigtal data is stored in the formof nagnetic transitions on a series of
concentric, spaced tracks conprising the surface of the nagnetizable rigid
data storage disks. The tracks are generS%Ly divided into a plurality of
sectors, With each sector conprising a n er I nformation fields.
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electrical  gector locations by the transducers which follow a given
track and move from track to track, typically under the
servo control of a controller. |
The head slider body is typically designed ag an
aerodynamic lifting body that 1lifts the MR head. off the
surface of the disk as the rate of spindlé motor rotation
increases, and causes the MR head to hover above the disk
on an air-bearing cushipn'produced by high speed disk
rotation. The separation distance between the MR head and
the disk, typically 0.1 microns or less, is commonly
referred to as head-to-disk-spacing; a
- Writing data to a data storage‘disk generally
involves passing a current through the write element of
‘the transducer assembly to produce magnetic lines of flux
which magnetize a specific location of the disk surface.
Reading data from a specified disk location is typically
accomplished by a read element of the transducer assembly
sensing the magnetic field or flux lines emanating from
the magnetized locations of the disk. As the read element
passes over the rotating disk surface, the interaction
- between the read element and the magnetized locations on
| the disk surface results in the production of electrical



3 signals in the read el enent. The el ectrical signals correspond to
trangitions in the nagnetic field. Conventional data storage systens
deneral |y enploy a closed-1oop servo control systemfor positioning the
actuator and read/wite transducers to specified storage |ocations on the
data storage disk. During normal data stor%ge systen1operat|on a servo
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Enbedded servo offers Algnsérvantlwrhthgr tpfmmedhmsltirs t hayp deatll Tt ed
Servo implemented to initially record servo pattern information
on the surface of one or more of the data storage disks.
A serxrvo writer assembly is typically used by manufacturers
of data storage systems to facilitate the transfer of
servo . pattern data to one or more data étorage disks
during the manufacturing process.

In accordance with one known sexrvo 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 pattern
is thus formed between the data storing sectors of each
track. It is noted that a servo sector typically contains
a pattern of data, often termed a servo burst pattern,
used to maintain optimum alignment of the read/write
transducers over the centerline of a track when reading
and writing data to specified data sectors on the track.
The servo information may also include sector and track
identification codes which are used to identify the
position of the transducer. Embedded servo offers
significantly higher track densities than dedicated servo
since servo information igs co-located with the targeted



since servo information is co-located with the targeted 4 data
infogmation (and servo information may be taken from one, single disk
surface). In a further effort to increase disk capacity, a proposed servo

i nformati on format was devel oped, ternmed pre-enbossed rigid magnetic (PERM
di sk technol ogy. As described and i | 14ustrated in Tanaka et

al ., Character,jzati,on of netj zi Process, f or- Pre- Enbossed rvo_Pattern
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t echnol ogy and address code are used to generate servo information
' signals. To-generate'the servo signals, the magnetization
direction of the raised portions and the recesses must be
opposite. The magnetization process involves first
magnetizing the entire disk in one direction using a high-
field magnet. Then, a conventional write head is used to
magnetize the raised areas in the opposite direction.

While use of a PERM disk may increase disk
capacity, such an approach"suffers from a number of
shortcomings. Sexrvo information is provided on a PERM
servo disk in a two-step wmagnetization process, as
described above. This significantly increases the amount
of time required to write servo information to the disk.

'Moreoﬁer, during the second step of the process, serxvo

information is not yet available on the disk.. Thus, an
external positioning systenl must be employed, thereby
increasing the cost of the servo writing process.
Additional concerns associated with PERM disk technology
include durability.

Finally, the PERM disk, like other embedded
servo techniques, still stores servo information in disk
space which could otherwise be used for data storage. As
a result, PERM disk technology, although still at the



include durability. Finally, the PERM di sk, |ike other enbedded servo

techni ques, still stores servo information in disk space which coul d
ot herwi se be used for data storage. As a result, PERM di sk technol ogy,
al though still at the 5 research |l evel, has not been w dely accepted by

industry. There exists in the data stdrage system manufacturing
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i nformation pPSARRAPED TR ARF rQEPERdPS®8BNnd t hermal responses in the
MR el enent s. A controller is coupled to the MR head and controls the
relative novenent between the MR head and the storage nmediumusing the
first and second thermal responses in the MR el enents. 7



BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 is a top view of a data storage
syst-em vmtth its upper housing cover renmpved; Fig. 2 is a side plan view of
a data storage system conprising a pl urallty of data storage disks; Fig. 3
is an exaggerated side view show ng a data_storage di sk exhibiting various
surface defects and features, and a thermal” signal and nmagnetic spacing
signal response of an MR head t ds# ek ﬁ@%ﬁ@%ﬁres Fig. 41s atop
view of a disk in accordance with the present invention; Fig. 5 is an
illustration of a read el ement of a transducer $hown in an on-track
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8 a particular track location, and Fig. 12(b) a readback signal obtained
fromthe same track location after AC erasure; Figs. 13(a)-13(c)
respectlvely illustrate a readback signal induced in an MR head, a restored
magneti c signal conmponent of the readback gnal, and an unr est or ed
magneti c signal conponent of the readback signal Fi gs. 14 and 15

respectively illustrate thegpshasoryes :ﬂ%‘i@ﬁ 1&%? ga finite
i mpul se response (FIR) filter and a w ndowed FIR filter used in a signal
separation/restoration nodule; Figs. 16 and 17 are illustrations of a

conventional MR head; Fi geg.18( aisaadt&ﬁ( RiewesPECA] vakR) ldddﬁg@téyéﬁém
magni t ude and g ?% Lesponse. 35’the hi ass filtering behavior of a
typi cal Arm El ¢ oﬁ'l su(pﬁte) e If1%g T fFNE20 respectively show a

conparison of the magnl t Rigg.amkl pease srdaqoopisen ofiewheofii ghplestsa f stoeagag

behavi or of a [ S ng a .
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AE nodule; Fig. 21 is a ﬁlghal3flléwaﬂ agkagoecptedemisle veiew whowingrse
filter of Figsqatd atbrifye ngsk28xh§b§tbﬁgc%aéha%arglﬁff&wta@feéaéoghaent

of a signal separation/restorat dule e an |nfinite inpuylse
response (11 R) tPAEUEEs FRgd a8 S)““gg(ﬁ}g’éﬁgp r'&%g%\?%?o?ﬂéchgdﬁégﬁa&t
different prozesponge mﬁi nirs MRVHEHA t6 heucls | @ebécsepandt Featueelsgrati on
nmodul e of Fig. 22; and Fig. _24,is_a conparative show f a restored '
magnetic signal and therr% sﬁbné? Phdr @t VHG¥ I??p?eggﬁge’tﬂ 3cﬁﬁﬁ§a8ﬁea
di sk surface. with the present invention;

Fig. 5 is an illustration of a read element of
a transducer shown in an on-track orientation over the
centerline of a track of the disk;

Fig. 6 is an illustration of a thermal position
error signal associated with the MR elements of the -
transducer passing over tracks on the disk;

Fig. 7 is a generalized block diagram of the
gystem components for positioning an MR head using the
thermal signals of the MR elements in accordance with the
present invention; .

Fig. 8 is a block diagram of an apparatus for
extracting a thermal signal and a magnetic gsignal from a
readback signal induced in an MR head;

- . Fig. 9 is a showing of a readback signal induced
in an MR head exhibiting a distorted D.C. baseline;

Fig. 10 is a showing of the .readbaék signal of
Fig. 9 exhibiting a restored D.C. baseline after being
processed by a signal separation/modulation module;

| Fig. 11 is a Dblock | diagram of a signal
separation/modulation module for extracting a thermal
signal and a magnetic signal from a readback signal
induced in an MR head;

Fig. 12(a) is a showing of a thermal signal
extracted from a readback signal induced in an MR head at



9 DETAI LED DESCRI PTI ON OF THE EMBODI MENTS Referring now to the
drawings, , and nore particularly to Figs. 1 and 2, -there is shown a data
storage system20 with its cover (not shown) renpved fromthe base 22 of
t he housing 21. The data storage system 20 typically includes one or nore
rigid data storage disks 24 which rotate about a spindle notor 26. An

act uat or assenbly 3 Luphcal | y-L06! ddesa ol uralatyiof i1 AL eqved: agiggor

arns 30, with each arm supporti n% one or nore suspensi‘ons .
transducers 27.8ignalt ohtined sTrpm he asape nerade danaphianr efter vaC
(MR) elenent fogrssadbhg and witing information to and fromthe data
storage di sks 24. The trapnsducer for exampl e, an MR head having

27 may _be, .
a wite element and an MREFEEd efterddnd “&%I‘F@ alEFREGT WY S&IahbI At WSt rrE¢ded a
coil assenbly 3feafibabkcabganat taducel in pot MR GdadBRG) ate Sidted WLysde 1@

operate as an a r | [ r(\V o.r nsive to control _
signals pr oducge%élg%}9 %&?Hg%ﬁF (rﬁgl {:gpﬁgf éaé%\gl‘ﬁlg Sc’biﬁg& I%l?gﬁl R

i ncl udes contr ohagnetdct pighal coopginemtesft dea mamileaclhfsiignalto and from
the data storage disks 24giard cogp es WM € oy
actuator arnms 30 suspensii?cl)%]s%,'28,9&)aF1g trgr?sdﬁggégei;(%%griejs?%:glg%gatctgra%}l}eSO
and sector 52 |BhapeoARd mBANLENdenFesReNGe Ofng Fird te immniseresponseks

24. In Fig. 3, (hPer§ ifdlidrusdrid@dt dwandewaaoe efiside ysew ah ap Myhsead
slider 79 flying in grommty with.,the surface 24a of a nagnetic data

storage di sk 245CRAEALGLOR/TGStLFrRLiRR Weeneral |y varying topography at
t he- mi croscopi c | evel , an@igfg.en idicl ands 1ari cre suilhastdatéehs, «fichaas

a pit 122, a bu . : f portion 126 void of nmagnetic material .
It has been detggﬁéééalgéa?‘hyg r%l\elé(eéﬁlét'ors that the thermal response of an MR

head 77 changes as a func®Fig®.of18 &) spadi i@ (b) respectively illustrate
the magnitude and phase response of the highpass filtering
behavior of a typical Arm Electronics (AE) module;

Figs. 19 and 20 respectively show a comparison
of the magnitude and phase response of the highpass
filtering behavior of a typical AE module and that of an
‘;i.nverse filter having a transfer function inverse to that
.of the effective highpass filter of the AE module;

I Fig. 21 is a sighal flow diagram representative
of the inverse filter of Figs. 19 and 20; .

Fig. 22 is a block diagram of another embodiment
of a signal separation/restoration module employing an
infinite impulse response (IIR) filter;

_ Figs. 23(a)-23(c) show three waveforms produced
~at different processing points within the signal
sepafation/restoration module of Fig. 22; and

Fig. 24 is a comparative showing of a restdred
magnetic signal and thermal signal indicating the presence
of a bump on a disk surface.



denoted by the paraneter y, between the MR elenent 78 of the MR head 77 and
the di sk surface 24a. Head-to-disk 10 spacing changes result in

conconm tant changes in heat transfer between the MR el enent 78 and di sk 24.
This heat transfer results in an alteration in the tenperature of the MR

el enent 78. Tenperature changes in the MRSl enment -78 result in

correspondi ng changes in the electrical resistance of the MR el enent 78
and, therefore, the ouPBEATHEP RESECHIPIRONVRFe TEFe RBADINENTHe

instant aneous head-to-di sk spacing (y) increases, there results a
correspondi ng increase in_air ,space insul ati% bet en, the MR head 77 and
the di sk surface 24a, h&f sityY antPnc TAYHRIT enpBP&k ur®%e t he
MR el ement 78partibulatdiyperat tigs.ncleand iR, ttteteMé elemytowiB wmesddts in

: correspondlggo%gggegg,gﬁeg‘ Et&eﬂ@ lﬁge%hvgl nt rra%qv%) moq'ecglﬁflorﬁsed

positive tenperat U PSP
to fabricate the bRse| 2genf the Pewaingoil. fdli’h%ﬁ’eﬂ#ﬂ estqnsage %S em 210

mat eri al usedtyfléahtycahélha%swnel 88BRbrd By £ E'dd&;&‘igé'sétfé’fﬁe % gRpesAt Ure

coefficient of Jerr] An head 77 passi.ng over 1247 on t
surface 24a, WHiGhy BFePtakanpReut edyl FElpﬁlfenc‘F%%%ﬁd 2rﬁa'at tPRnF@fuator

occurring betugsemble BR elpiesal 148 iavd udes & ﬁix&tﬂla;qe o?flaﬁ,nttétex@@ved
causi ng cool i ng Otatt he MR eI nt 7% Such_coolin of he MR el ement
causes a decragsedrtRTt h"‘érrﬁ? e%?% aft® Wit qlr{lq uPhe Péfsdf‘?’éel n a

cor r espondi ngsdspeasaensn z&eandl ttagpmﬁchxcre]rsac%ss t'Hee MRrahedette v28 27 a
Core Lo D s PAEEYy | nSlaR® SEERee I o (S Pl ofRReIopLE o
t he MR el enenrepAdngasand| rw@cﬁ)ingué@formatlon to and from the data
storage disks 24. The transducer 27 may be, for example,
an MR head having a write element and an MR read element.
The actuator assembly 37 includes a coil assembly 36 which
cooperates with a permanent magnet structure 38 to operate
as an actuator voice coil motor (VCM) 39 responsive to
control signal.é produced by a controller 58. . The
controller 58 preferably includes control circuityjr that
coordinates the transfer of data to and from the data
storage disks 24, and cooperates with the VCM 39 to move
the actuator arms '3_0, suspensions 28, and transducers 27
to prescribed track 50 and sector '52 locations when
reading. and writing data to and from the disks 24. '
- In Fig. 3, there is illustrated an exaggerated
side view of an MR head slider 79 flying in proximity with
the surface 24a of a magnetic data storage disk 24. The
disk surface 24a has a generally varying topography at the
microscopic level, and often includes various surface
defects, such as a pit 122, a bump 124, or a surface
portion 126 void of magnetic material. It has been
determined by the inventors that the thermal response of
an MR head 77 changes as a function of the spacing,
denoted by the parameter y, between the MR element 78 of
the MR head 77 and the disk surface 24a. Head-to-disk



as a function of increasing head-to-disk separation distance (y). It can
further be seen by referring to the bunp 124 depicted on the disk surface
24a that the thermal voltage signal [err] 119 decreases in anplitude as a
function of decreasing head-to-disk separation distance. The t her nal
signal conponent of the readback sigr?a , therefore, is in fact an

i nformati on si hat, ¢ e_used.to, detect tk r.esence and' .rel.atiyve
magni t ude of ?@%‘%’r‘ ph?%%‘?g%%r '8 Slugr?s f% (T j.lf?taa([:}let o? Rgnﬁ%{f’ne%Pc l'b%ﬁ%
storage di sk 2Manafey batwaennthegMR3elemenpugPcand dirlciddy. siThis Heut

whi ch has beepygaditi @/eefhiltd CO M 8aPANEekAtYdn ald OfiSe Belperditsi-eSUsf ace
24a. |t can be seen that the nagnetic spacing signal 121 incorrectly

i ndi cat es t hetPre¥Bneéeprntods - suFPEPETRENES S8aTTSE: 10s they MR il sranls
126, as vari aygonseswlt heird opegiepondingectaslyesurincecRda.elddt€idal

furth b that _th t ' ' 1 id i nfer|
i cati on of ‘6P REF2BFT aboChaag SEeRetE T ER e R 0 R e
surface i magivgltager ofit the MRowlegenty 78se of the thermal signal 119. As
described nore fully behgw,tﬁ@eihgggglgl‘.;\?gg{{go%d_qo%ﬁﬁggbgw C;@ﬁpback

signal may be extracted to obtarn “information regar f
charact eri sti éBcoeasrs, r fhenengepsit4a corrgspendinde ipcnease deenplary

enbodi nent  of ghhgel NMEAL1 #PioRCDE WdthP! BREI MR | heBACOFed dry Aty f§£8k
profile of the disk 24 and is read _using a transducer, having an MR el enent,
e.g., an MR heddfage wi342pe KPSFELYat SPYFIRA t h8PexIRFERIS b nehpe

described bel pampbeatuse t BE SEh&0 NRf @ldudmn 78 .provred itedperftatel e

of the disk apd can be .reqﬂ_}c&afurir%ntlg ﬁ;th mag_tqetically stored dgta an

addi tional 1550S86R8F e TSKIT SHAMEPGVAR | ABFELES dfo HRAECTPORTINS
increase in the MR element 78 resistance due to the
positive temperature coefficient of the MR element
‘'material typically used to fabricate the MR element 78.
Permalloy, for example, is a preferred material used to
fabricate the MR element 78 and demonstrates a temperature
coefficient of +3x310°3 /°c- An MR head 77 passing over

a bump 124 on the disk surface 24a, by way of'iexample,
results in increased heat transfer occurring between the
MR element 78 and the disk surface 24a, thereﬁy causing
cooling of the MR element 78. Such cooling of the MR
element 78 causes a decrease in the MR element resistance
which, in turn, results in a corresponding decrease in the
voltage vy, across the MR element 78 at a constant bias

current. _ .
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 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 signal v, 119 decreases in amplitude as a function

of decreasing head-to-disk separation distance. The
thermal signal component of the. readback signal,



the portion of the disk previously used for enbedded magnetic servo
information). Figure 4 illustrates an exenplary di sk 24 having pre-enbossed
or stanped track markers 108 and sector markers 106 for providing servo
information on the disk in the formof varjations in head-to-disk spacing.
The disk 24 is provided with data tracks g&'used to store data. Each track

50 may be partiqi LNt Q .a ;Serd of.s 12 L dent 1 fi1ed S or
mar kers 106. g%%g%gﬁ%’éf r ggksﬁgof&'st 1 na?gkgggg%gtogd%&?ééfgcﬁﬁﬁgr E%?ns bl%8
The track mar kesed16® adatent dda oPrREPRERs WL Fpdatdveednagnibnist iohs

in the di sk Wigho§aaphechlephtihedotsi N8 the efidd SO aRHetofc tdadR
head readback signal . éﬁsgest shown in Fig. 4, the track markers 108 may be

circunferenti FrgFagse nd%the sector markers 106 may be radial grooves.
The grooves may be as naalew ashowe (ih) FigtorB adé paowmatmdehd- tapadhirsk

spaci ng vari at e e ., ac tg t d,sec .

descri bed m)reé?%lﬁ?g t%gelovr}/',’ R?%]@ ﬁ(%tgdﬂ?e[%f d%gﬁégﬁggpﬁg -th? i é@%%ﬁgéf) 51rdﬁ\se%° by
the grooves areansatiiopspiovithe sk sunfases@4an. It The desieedn thatl so
provi ded wi th gngahbBhatiansbaathalloaad 0,1l RevprRdtaly Ll e be
formed by a closely 3paced p |r-o? segt r markers 106. Tﬁ% pur pose of  the
calibration trRERS8ngeaRd cREe AVEEaREr KeptRTes) BuahAs MAsHHEL G pREARt .

Turning now to1%69. a8 viahalat iiches Rgvtiad &d;m%ﬁpﬁyoafothe Ak herpade
magnet or esi st i head 8 orlentgg over t

ve (MR) enterline 51.0f a track
50. As the MR AS3d 0paSeBs SRR [ SERNSGTGE {HRE r BAGRER] Cieoing
magneti c transsignald deeel opedvbdesheani sinfelr sor f aosdiesvuioni nof heotherxr

Do, i (PRSI, | PR e LR pBradnt gt
si gnal . surface imaging information provided by use of the thermal
signal 119. '

As described more fully below, the thermal
component of an MR element readback signal may be
extracted to obtain information regarding surface
characteristics of the rotating disk 24. In accordance
with an exemplary embodiment of the invention, sexvo
information is encoded in a surface profile of the disk 24
and is read using a transducer having an MR element, e.g.,
‘an MR head. As will be appreciated from the exemplary
embodiments described below, because the servo information
is provided in the profile of the disk and can be read
concurrently with magnetically stored data, an additional

 15%-20% of the disk is made available to store data (i.e.,
the portion of the disk previous.ly used for embedded
magnetic servo information).

Figure 4 illustrates an exemplary disk 24 having
pre-embossed or stamped track markers 108 and sector
markers 106 for providing servo information on the disk in
the form of variations in head-to-disk spacing. The disk
24 is provided with data tracks 50 used to store data.
Each track 50 may be partitidoned into a series of sectors
52 identified by sector markers 106. Adjacent tracks 50



In the illustrative enbodi nent shown in Fig. 5 the MR head 80 includes two
MR el enents 80a and 80b nounted side by side. By using the thernal
conponent” of a readback signal obtained fromeach of the MR el ements 80a
and 80b, servo positioning information can_be obtained fromthe profile of
di sk 24. The thermal signals obtained fromt#ach el enent 80a and 80b are be

dt t f ti t |
(PES signal) . afegfeparaped By, bRaPk RarBRss 1" B8 TarkoreEkotn 16
uses t he PES sapdakheospesiori narkezsatfaaave forined asdvapiaeioeat iy the MR

head 80 over N%q«g&:r‘,g% Sﬂg%é;jllggai%%ﬁ%ﬁﬁgsuﬁhﬂ althge%?fe%ﬁi l::;@?]ﬁ\g)%ﬁequal

si de- by-si de a are a suned
thermal sensit P§i then¥iR head graadharkpignal el £ hegh th‘{“éfP rinvitge ferr]
and [err] repr &hémtz*ahﬂc 3@ ad el W %Q&&fmﬁéﬁﬁﬁﬁﬂ%rooﬁésﬂ%ﬁd

from M elerrg Qa _an BOg respecti vel 1 PES si gnal
produced by du eFS K PREAEXE BGCP‘Sg ﬁﬁgr%eé? ﬁgﬁogﬁsrs @é?)l%?%‘a.es
Wth referencemay RKig.as, nahgoRE8ssiqgeal (bf ®igros evdr gsporidie theaddtok 24
havi ng the fol gié@d: t r i, d M
= 3. ng crons kFr\ag"c‘k el gﬁ{@ GE?ESagi%ﬁ%r?%%% dl?,\?c ¢ agEottom Mé: %.848
m crons MR el epBfk SRAMOH=h SR = A8 Aefayihed woxs MY BPedeWh Ype-head- -

m crons El e%ﬂ&&%@l@%wtﬁﬂm&@%ﬁn& Dy thdl §F6FFe£SaPot 8ded
above, the PES signal F assunes egual thermal sensgitivities of the
two MR el enent §°808r8N& exrvo informa

- provided with a calibration track 110 and an index marker
112 which may be formed by a closely spaced pair of sector
markers 106. The purpose of the calibration track 110 and
the index marker 112 will later become apparent.

ion. The dis 24 is also

Turning now to Fig. 5, there is shown an
illustration of a dual element magnetoresistive (MR) head
80 oriented over the centerline 51 of a track 50. As the
MR head 80 passes over the track 50 of the rotating disk
24, magnetic transitions developed on the disk 24 surface
result in the production of a readback signal induced in
the MR head 80. By way of example} and not of limitation,
the readback signal is preferabiy a voltage signal.

In the illustrative embodiment shown in Fig. 5,
the MR head 80 includes two MR elements 80a and 80b
mounted side by side. By using the thermal compbnent of
a readback signal obtained from each of the MR elements
80a and 80b, servo positioning information can be obtained
from the profile of disk 24. The thermal signals obtained
from each element 80a and 80b aréipe used to generate
servo control information such as a position error signal
(PES signal). Such a PES signal is provided to a
controller which uses the PES gsignal to position the
actuator arm 30 and consequently the MR head 80 over a

- degired track location. A PES signal generated using two
side-by-side MR elements 80a and 80b which are assumed to



80b. In practice, however, the thermal sensitivities of MR el enments may
differ due to differences in dinmensions, recession, shield spacing and

di mensi ons, MR | ead thermal conduction, and other characteristics of
the two MR elenents, for exanple. The thernmal response of the two MR

el ements 80a and 80b may be calibrated as didscussed nore fully hereinbel ow.
VWen calibrated, a dual elenent MR head 80 generates a PES waveformthat
exhi bi ts |i nea®eha?AyA lodibsaraki ARARLAAY1KNXiMAY abesieomregse gby &he
Wth reference tel&t dsnsdipnd 5, when the two MR el enents 80a and 80b are
centered over a track 50, ?err] and [err] are equal, thereby producing a
PES signal equal to zero. As the MR head 80 noves fromthe center of the
track, the values [err] 14 ahg 4k, change and the PES signal shows an
inflection point that corPBS8pends-approxi mately to the edges of the triagk
50. The inflection points aretuseftd for determ ning track edges and for
counting tracks during seek operations. It should be appreciated that the
magneti ¢ conponent of the readback si obt ai ned using the MR el enents

nal
80a and 80b car¥%® ‘beaﬁéieabt%em%ﬁ“%# e dbesdfad Reahaaiams afv e
over a groove hsiewral adjBifidls r adieonsi npR t helameneki ¢ spgnalaym! | gop,
contain |large dropouts,over groove crossings. Such a dropout in the
magneti c signmrgégg%gl g&'to count tracks during a seek operation. It
shoul d further be appreci aheBighat, MR PR3 redngrea 18 arcahub 8D hyn erch In @dl eagent

positioned sid Y 1SLOE, Rl OVJ «f he Sj I l atj o bRl Propgrl

nodified to ac?vgﬁntl‘%ag teﬁe %#‘?%%’r‘% t oc?at ?ggﬁofif/Rae% eanéﬁlf"g:.t:e?t‘ Wi Melt SO

be appreci at ed t¢ference t@aRigwoSMRtbecRESt signplbefufdd. 6 corresponds
to a disk 24 having the following parameters:

Track pitch P 4.8 microns

Track width M 3.2 microns

Track height D = 0.2 microns

Valley width at bottom U = 0.48 microns

MR element A width Wa = 2.4 microns

MR element B width Wb = 2.4 microns
Element-to-element centerline spacing C = 2.4 microns

As noted above, the PES signal of Fig. 6 assumes
equal thermal sensitivities of the two MR elements 80a and
80b. In practice, however, the thermal sensitivities of
MR elements may differ due to differences in dimensions,
recession, shield spacing and dimensions, MR lead thermal
conduction, and other characteristics  of the two MR
elements, for example. The thermal response of the two MR

~elements 80a and 80b may be calibrated as discussed more
fully hereinbelow. '

When calibrated, a dual element MR head 80
generates a PES waveform that exhibits linear behavior
between minima and maxima as shown in Fig. 6. wWith
reference to Figs. 4 and 5, when the two MR elements 80a
and 80b are centered over a track 50, t, and t, are equaf,
thereby producing a PES signal equal to zero. As the MR
head 80 moves from the center of the track, the values t,



In Fig. 7, there is shown an illustrative enbodi rent of servo control
system 200 using thermal responses of a dual elenment MR head 80 to servo
position the MR head 80 over a data track 50. The servo control system
includes an anplifier 202, two sanplers 206, 208, two filters 210, 212, a
denodul ati on and adapt ive calibration ci r’cﬂul t 214, a controller 250, two

drivers 216, 21 netic 260 a a tinme.differencer 220. In
operation, th3® e‘é'dt? @{ﬁf%$ rﬂgﬁ!? So PBARES S5 Th P B ar e
anplified, fothakaaplre‘esbpndsdwqipzpmﬂmaftreﬁfltmztt]men edgeéAE)? nobchu | ter 2612 .

The anpl i fi edg eadb S & |,8d 208
at a sanpling érsate to pro?uce g gtgqgﬁg secon reagba%:) r3| gnaﬁ%r éf;a %nd
209. A typi earckam@dgRs r apedN \)ﬁqu beopnt dRges S HFHCKED0 ARGAREr t BEQHZ) .

Readback si gneperd@ionnd 208 asRohda* aassap‘pxlécﬂamadf@maexaﬁal Qnaéﬁ(etfié“ te
I mpul se response FI R e él % nerate thernal nal s
211 and 213. HEP S|°g€n éesz,agm f’r%‘b‘? RESiRed s tag ('f‘(‘?ﬁp nts
[err] and tb(eleméntlaeeloaaalmblemn grmisa.‘esmherudededoakie\term'ﬁhmr netack

ls 211 3 b I 230
and 252, The Soder: A8 roie RS onren) POCHnan Tarere, Hekvept iR ct

and 232. The sa 'S typlca gtrate
N of sanpl erstzeskszosmcrﬁe ghﬁpm@@nmu@x %gmab ikl r seontain sakardeg

rate N to sanakbﬁguﬁat SWr "G¥oB8fe SodndeXaMmbichThe d86p8htsSubsappbers
with a slower sanpling rate_Teduces the cost of the systemWw thout any |oss

in accuracy sPAEBSLAE EAGPARH MaYyhe usef t&nd’@ﬁ: g Suming atseeKover
rat-e than magspéiratgéenponents of readback signals 203, 205 due to the | ower

mechani cal bandwi dth requiregent, for the act éoragfé‘eercr:ga%e% that MR

elements 80a and 80b need not be positioned side by side,
proirided the PES signal relationship is properly modified
to account for the different location of MR elements. It
will also be appreciated that more than two MR elements
may be used.

In Fig. 7, there is shown an illustrative
embodiment of servo control system 200 wusing thermal
responses of a dual element MR _head_ 80 to servo position
the MR head 80 over a éai:a track 50. The servo control
system includes an amplifier 202, two samplers 206, 208,
two filters 210, 212, a demodulation and adaptive
calibration circuit 214, a controller 250, two drivers
216, 218, a magnetic separator 260, and a time differencer
220. _

In operation, the readback "signals 81 and 83
from MR elements 80a and 80b are amplified, for example,
by a dual path Arm Electronics (AE) module 202. The
amplified readback signals 203 and 205 are sampled by
samplers 206, 208 at a sampling rate N to produce first
and second readback signals 207 and 209. A typical
sampling rate N will be in excess of 100 megahertz (MHz).
Readback signals 207 and 209 are low-pass filtered, for
example, by finite impulse response (FIR) filters 210, 212



Subsanpl ed thermal signals 231 and 233 are provided to the denodul ati on and
adaptive calibration circuit 214 which generates a position error signal
(PES) 215 according.to the relationship: [err] where [err] and [err]
represent thermal signals 231 and 233 respectively. The denodul ati on and
adaptive calibration circuit 214 adjusts 1%e anplitudes of thermal signals
231 and 233 with predeterm ned calibration coefficients [err] and k2 in
mul tipliers 280 grgexare Chemmed: isdigneder 1di emss Ji& ] Thernel @iopabei ded
to adjust forathe ghdfaigntrdgicddet SeRsi thdinLs 8bmbBReNRsC!€M®Nt Sangla -
and 80b. Th gﬁjger tOé of tgﬁ ggsm,lon error ,s%‘gﬂn I P%{S%g} réel ati onship
i s produced bgb i T eFBRcEP29RAk, §1ORBL G ASNLR uge BIES(m)
rel ationship is producedharmmls winpral@11TmP e ixnre esulsgamp pedl aPES( M)
may be averag I I I | se For ampl e,
the ° 16 posrrrbiind sl Buigd S Shd SEFT e TineLirhg
rel ationshi p: TRéer M WReF¥PaCREAY BUFE aver than| theusampbing. ragaul, ofhe
posi tion erropatmpleds M beaenerthedsamseing’ iNbsxl msanples e thgrio
readback si gnal._. adﬁll:ﬁ exanple, _if the readback SI%{I&N was. sanpled at a
rate N of 1009fHA it T3kl Mhd e R NBs¥866, MhdfrY hEepl Qi okOEr r or
si gnal PES(|) ewmawmipdehe geher abed oft sub¥hngleratwitiha pAvivwd0Ns&apDing
signal relati i cal jbrati y ke handl ed b lcrocode jn a ,
denodul at or a%%%%dgﬁo?%%esga#ﬁ rSP%E g’%s?%ﬁb%%"“éﬁ@’%&ﬁ‘%& Yy pjr%% d&l to
control | er 25@ceuiraryuspoce dheonthermsl gmdlgrzde i 211espohs2180 dse BES
signal 215 and.tia ppenati g 1Gger fe £X2Make hhghkei8®Keomponents of
readback signals 203, 205 due to the lower mechanical
bandwidth requirement for the actuator assembly 237.
Subsampled thermal signals 231 and 233 are
provided to the demodulation and adaptive calibration
circuit 214 which generates a position error signal (PES)
215 according to the relationship: ‘

. tai(m) - Kky-ta;(m) - k,
PES(m) = (2]
tza;). (m) - ky+tys;(m) -k,

where t,,,; and t,,; represent thermal signals 231 and 233
respectively.

The demodulation and adaptive calibration
circdit 214 adjusts the amplitudes of thermal signals 231
and 233 with predetermined calibration coefficients k, and
k, in multipliers 240 and 242. Calibration coefficients k,
and k, are provided to adjust for the different thermal
sensitivities of the MR elements 80a and 80b. The
numerator of the position error signal PES(m) relationship
is produced by a differencer 244 and the denominator of
the PES(m) relationship is produced by a summer 246. The
position error signal PES(m) may be averaged over L
samples for noise smoothing purposes. For example, the



settle or follow The control signal 251 is provided to a driver 206, which
converts the control signal 251 to an analog signal and generates a

cont'i nuous current for the voice coil motor 39 to nove the actuator.
Readback signals 207 and 209 are also provided to the data channel and used
to drive the splndle not or 26. Readback1§|gnals 207 and 209 are provided

to a magnetic arator 260 thermal c nents of
readback si gnBF’? ?r'an8r§8§ a%’cg’b%ﬁerpﬁg a 'ﬂﬁ?jngﬁ ce§ip§ﬁ£sefgpgﬁ’ort]@|§e by
t he data chanfiellloWimgramiesttiomslgial 261 i s generated by sunming and

equal i zing the magnetic conmponents of the readback signals 207 and 209. The

magneti c separator 260 al so generates a magn timng signal 263 which is
provided for a time differencePsfdl )Tﬁethﬁé gif cPEF fthg §$gnal 263 is
generated fromthe dropouts in the readback & fnals 207 and 209 which occur
as the MR head 80 passes over sector markers 106. The tinme difference 220,
whi ch may i nckWheaea phasaliissic goplueofipar ds oieldmbretiQ. ti Mbvg si ghel
263 to a refeqLeRae iHnalkrdfl S gHA ﬁeﬁlagyw ﬁéﬁél:la%ar c?rié)etgegerﬁrétﬁ a
17 differential dynam c timng signa e timn I gna

provi ded for &30 ofs Wﬁcﬁeé%c@‘hes%gﬁ%g S|§9§I AR i dd fcukhent
219 to the sphreddaak cyigzﬁls@vaess éa@tﬁl@&h@l A taeeanpbgpioatﬂnﬁoaﬁalenél

vel ocity of the dhgk Al t h the %bc S|§Fa Jis used for, tlni

and notor confAIP51I SHY ’8 ewﬁﬁp fr tpr? on, | Y BLeha
be used. MaPES (10 seagriad mbcgmmmmduam/ea RO KHe greere si ghiad - poshoien

[Tgr“kgrt hiBGt Cm% 'S 54%1 d{»Qi’QﬁiénéH?PtQﬂﬁhéhh%ﬁa‘& Qlarn{aw > %ﬁ&ied

al so

exa € magnet c dr opou
sector marker hu ttliegasfodsh dan aldﬁmcduﬂxabor and adaptive calibrator 248.

The PES signal 215 is provided to controller 250
which outputs a control signal 251 in response to the PES
signal 215 and the operating mode, for example track seek,
settle or follow. The control signal 251 is provided to
a driver 206, which converts the control signal 251 to an
analog signal and generates a continuous current for the
voice coil motor 39 to move the actuator.

Readback signals 207 and 209 are also provided
to the data channel and used to drive. the spindle motor
26. Readback signals 207 and 209 are provided to a
magnetic separator 260 which removes the thermal
components of readback signals 207 and 209 and generates
a maénétic signal 261 for use by the data channel. The’
magnetic signal 261 is generated by summing and equalizing
the magnetic components of the readback signals 207 and
209. The magnetic sepafator 260 also generates a magnetic
timing signal 263 which is provided for a time difference
220. The magnetic timing signal 263 is generated from the
dropouts in the readback signals 207 and 209 which occur
as the MR head 80 passes over sector markers 106. The
time difference 220, which may include a phase-lock loop:
compares the magnetic timing signal 263 to a reference
signal 271 provided by an coscillator 270 to generate a



l ess. The thermal signals require wider sector markers 106 as the thermal
timg, constant of an MR head 80 is longer. It should be appreciated that the
thermal si gnals of an MR head 80 can be sanpled concurrently with the
magneti c signal. Thus, continuous track faqllow servo control, for

exanpl e, may be i rrpl enent ed Unli ke tTaditional magnet i C servoing

t echni ques, zf%réﬁ ALNSyfaR oot R WG 28E0 nhLXIRARP LR
t

kil ohertz (KHz r’r? ermal servoing
smal | er actuat®tlcésl R‘Tﬂ‘f’éﬂﬁﬁ °rl\/5‘r hiigrer (28t whilgk HeeinFbel tiwmimg a

of the actuat om@ﬁéﬁrrbbyp%avméemx&@id Ay rwtﬁh@rgﬁiﬂaﬁar&b%ﬁ @sprétduce
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i nproves the ddiskti on of shock and vibration in a disk. I\/breover for
redictive failure anal s [

Ir?1 ght potential |y creat gﬁ?'régéggﬁ) S%P§§§EFF2§>/ %ﬁ det ggp@dcthor
Simlarly, anytiahagnPRR MetPBoceREteht | 65, Séﬁcglqurdﬁ%ul appmcea(qs:@d thatan
MR head 80 thathépmaet éiéﬂéﬂ@ @Jultd‘eaﬂkék béamday det apdgter1é xynLh

further be appremated hat, the PES s I, fromwhich the servo
i nfor mati on | SQEPPARREJaghdeve 1‘8“%’%9?-5 g HigRarnrossnarEighitdani n

turn, are deriyRérhalnsigadit @répsit spasd nghud mllww Iﬂdﬂ&i&fz&i&ﬁéﬁ@&ﬂcﬂs‘nt
t he servo informa{glon obt ed from.sensin é’ec anges mthetherrral
signal that reB%fF ad 8 °5as§?‘ﬁ‘§P Ger YRS iR MRS HC

graoves. The cdimogeutn aﬂé.aadfst Gatitske aEadiary whdthd sof babautoipmisheash byr

el evated portipoggbet wian Lhagks: 58: ghUguo GhAMES, hgr PLELELLS hiieakse

they pernmit operafion Orage-sys
106 as the thermal time constant of an MR head 80 is
‘longer.

It should be appreciated that the thermal
signais of an MR head 80 can be sampled concurrently with
the magnetic signal. Thus, continuous track follow servo
control, for example, may be implemented. " Unlike
traditicnal magnetic servoing techniques, thermal servoing
can reach sampling rates in excess of 100 kilchertz (KHz).
The higl':ler'sampling rates of thermal servoing provide for
smaller actuator coil currents. Moreover, due to the
mechanical inertia of the actuator assembly 30, these
small currents are integrated to produce very smooth
mo_tioné, thereby reducing actuator jerk. The finer
actuator control allows for higher track densities and
significantly improves the detection of shock and
vibration in a disk. Moreover, for predictive failure
énalysis (PFA) purposes, any defect on a disk which might
potentially create track misregistration (TMR) can be
detected. Similarly, any random MR head 80 modulation,
e.g. modulation caused by an MR head 80 that is not
lifting off the disk, can be detected. :

It should further be appreciated that the PES
signal, from which the servo information is obtained, is



wi th mniml spacing between the MR head 80 and the data tracks 50. In
al ternate embodi nents of the present invention, servo information can be
derived fromother variations in di sk characteristics which can be
reflected in the thermal conponent of the readback signal. For exanpl e,
variations in disk-to-MR head heat transfé® paraneters such as thermal

em ssivity of a disk 2 be e yed as serve I nf.ormati on. %[s
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example, variations in disk-to-MR head heat transfer
parameters such as thermal emissivity of a disk 24 may be
employed as servo information. Thus, rather than adjacent
tracks 50 being separated by topographical changes, track
markers 108 could separate tracks 50 by thermal emissivity
changes or other parameters reflected in the thermal
component of the readback signal. Similar variations in
disk characteristics can be used for the sector markers
106.

As noted above, calibration coefficients k, and
k, are provided for each MR head 80 to adjust for different
thermal sensitivities of MR elements 80a and 80b. A
calibration method may be performed which involves
measuring the thermal sensitivity of MR elements 80a and -
'80b and adjusting the'gain values k, and k, so that the
gain-adjusted thermal responses of each element 80a and
80b are equal for a common input.

An exemplary calibration procedure for a
multiple disk storage device involves the following steps.
First, all MR heads 80 of the storage device are moved to
the calibration track 110 of their respective disk 24,

- The calibration track 110 may be provided anywhere on the
disk 24, for example, at the inner diameter crash stop of



head 80 is centered over the calibration track 110, neither MR el enent 80a
or 80b senses a track nmarker 108. Next an MR head 80 is sel ected and

calibration coefficients [err] and [err] are set to one. The di sk 24
associated with the selected MR head 80 is spun. As disk 24 spins about its
axis, -MR el ements 80a and 80b sense a com®on input, i.e. periodic

sector markers 106. A thermally detectabl,e wdth for sector markers 106

in the calibrthe oRigka@#é 138 i sheen160 Hicrork. Pr ithenuker hddamedegect or

marker 106 wigkdsh Nstbp 45t acheagkewO24eed e 'BR1ABrWkdenastEdekr 1wiedt hs
in the calibration_track jf the sector markers 106 jn the_data tracks 50
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crossings. Calibration gains [er [err] for the selecte ! 0
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denodul ati on pdsbarapéaveicnl theakboac2dd ar Hesaussedshepannabage gisklhe
~calibration process is_repeated for, another. MR k‘ieaq 630 unéib IIS MR heaads
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account. For exbiptratidnetrackethonisad0tP@reiceens n Ml tipnotEd& kit ves,
it is 20 the sector marker 106 width in the data tracks 50 need not
be as wide as their widths in the calibration track if the
sector markers 106 in the data tracks 50 are magnetically
detected for tracking counting purposes as discussed
above. The peak amﬁlitudes of the thermal signals of the
‘MR elements 80a and 80b of the selected MR head 80 are
determined and adjusted by calibration gains k, and k,
respectively such that the two amplitudes are equal. The
peak amplitudes correspond to sector marker 106 crossings
and may'be obtained from the statistical average of many
sector marker 106 crossings. Calibration gains k, and k,
for the selected MR head 80 are then stored in a random
© acces8 memory (RAM) and used by the demodulation and
adaptive calibration 248 as discussed hereinabove. The
calibration process is repeated for another MR head 80
until all MR heads 80 in the storage device have. been
calibrated.

It is noted that using pre-embossed disks
requires that the servo information be formed on the disk
prior to assembly into the disk drive. When multiple
disks are used, the alignment of servo information frdm
disk to disk must be taken into account. For example, due
to mechanical tolerances in multiple disk drives, it is



unlikely that the index markers 112 of the disks 24 will be aligned
throughout the di sk pack. Thus, the relative position of the index nmarkers
112 in a disk pack must be determ ned. A-timng calibration nmethod for
determ ning the position of all of the index markers 112 of the disks 24
in a disk pack may be perforned. 2%e timing calibration procedure
I ncludes identifying the index nmarker 112 of a_first, reference disk,24 and
neasuri ng theupﬁ%egp'f ftg’raé:ng:g"? i TS By Hesd %‘},\?teh Fﬁ’ﬁe)‘ilﬁé‘tﬁ/\&% Whel
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conmponent fro il
Since thermally obtained servo information is

independent of the magnetic signal, in accordance with
another embodiment of the invention the thermal component
of a readback signal of an MR head 80 can be used to servo
position the MR head 80 while the head is writing. Servo
positioning while performing a write operation can be
accomplished by compensating for the temperature and
corresponding resistance change of the MR elements 80a and
80b which is created by the writing field generated by the
write element. ‘The amount of compensation may be
determined using known information about the data being
written. After coinpensation, the thermal signals can be
extracted and used for servo positioning as previously
described. The continuous nature of the servo position
sensing, i.e., sensing during reading and writing,
eliminates the need to use accelerometers or other
external sensors to monitor shock and vibration in a
drive.

For purposes of providing an understanding of dn
apparatus and method for extracting a thermal signal
component and a magnetic signal component from a readback



21 signal induced in an MR head 80, reference is nmade to Figs. 8-24.
Referring to Fig. 8, there is illustrated an apparatus for readi ng an
informati'on signal, having a nagnetic signal conponent and a thernal signal
conponent, froma magnetic storage nmedi um and for separating the thernal
and nmagnetic signal conponents from21he information signal. An MR
head 80 is shown in close proximty with a surface of a data storage disk
24. The readbatgnsigniaidugeticéd iam tViR kRadefiD SOreferppicealiy waadei fied by

the AE modul epgdg. oEblter kagect ke ceeadiack, skapale g UG ME A ©,202
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It has been di scovered e Inventors that the readback S|g 460 |s a

conposite si gABP é(fﬁﬂ?ﬁ ?Nn@hlenagp@ﬁ@‘éﬁ? 283 netf el epminGerhetie
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[oahn ackual ! Lican, Lcependent \hornel Sl onel samhonente OLyta SASREES.
be di scussed ko2jdet aile heamadipl oreadbaek tbégnadesmsa)bl e garaciatingi gaal
460 relatively high frequency magnetic signal component 461a,
exhibits a distorted D.C. baseline due to the presence of
a low frequency modulating signal component. it is
appreciated by those skilled in the art that a modulated
readback signal 460, or more particularly, a modulated
magnetic signal component 461a of the readback signal 460
has long been identified as a source of a number of data
storage system maladies, including servo control errors
and inaccuracies, a reduction in data storing and
retrieving —reliability, and, in some cases, an
irretrievable loss of data. _

It has been discovered by the inventors that the
readback signal 460 is a composite signal comprising
independent magnetic and thermal signal components, and
that the low frequency modulating readback signal baseline
is in actuality an .independent thermal signal component of
the readback signal 460. It has further been determined
by the inventors, as will also be discussed in detail
hereinbelow, .t:hat the undesirable readback signal 460
modulation can be eliminated or substantially reduced in
magnitude, thus providing for a pure magnetic s:.gnal
representative of data or servo information.



nmodul ati on can be elim nated or substantially reduced in nmagnitude, thus
providing for a pure magnetic signal representative of data or servo

i nf or mati on. 22 In Figs. 9 and 10, there is respectively
illustrated a distorted readback signal and an undi'storted readback signal
restored by a signal separation/ restd?tion nodule 476 as shown in
Fig. 8. The signal separation/restorati Qn nodul:e. 476 processes the
readback signal 460 to r&8t oFd9fhe PealBdckl8i grikheb&sefPneregPestidieln
Fig. 10, by elipiustiagefihe @Mesrte@lmiw@abk rmgmmla&td @h uhmrsa:t@rted

producing a pux npert ur.bed ;magn 461b. s noted that
si gnal separ atlg(;n?grggt olréa r%)anl moag%é%i‘?é ge eraFI y re%l?% entséaﬁaﬁ@tr]e back
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I ndependence of ,the_magnetic signal and the thernmal signal is denonstrated
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using an MR head.a ter conflg%red as_a _low pass,filter
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The independence of the magnetic signal and the
thermal signal is demonstrated by the waveforms shown in
Fig. 12. The waveform shown in Fig. 12(a) represents the
thermal signal extracted from a composite readback signal
using an MR head and a digital filter configured as a low
pass filter. After the waveform shown in Fig. 12(a) was
obtained, the track from which the waveform was generated
was subject to AC erasure. The same MR head was moved to
the same track location of the erased track to obtain the
waveform shown in Fig. 12(b). It can be seen that the
extracted ‘thermal signal shown in Fig. 12(a) and the
readback signal derived from the erased track shown in
Fig.”12(b) are substantially identical. The two waveforms
provided in Fig. 12 verify that the two simultaneously
read thermal and magnetic signals are independent and
separable.

Referring to PFig. 11, there is illustrated an
embodiment of a signal separation/restoration module 476
discussed previously with respect to Fig. 8. It is to be
understood that the signal separation/restoration module
476 may be employed to perform the single task of
separating the independent magnetic signal £from the
readback signal 460 in order to remove the low frequency



Referring to Fig. 11, there is illustrated an enbodi nrent of a signal
separathp/restoratlon nmodul e 476 di scussed previously with respect to Fig.
8. It is to be understood that the signal separation/restoration nodule 476
may be enployed to perform the single task of separating the

I ndependent  magnetic signal fromthe readleeck signal 460 in order to renove
the | ow frequenc 23 nodul ati on conponent of «t he readback signal 460
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t hrough the progadbagkl eignaderret@gved from the AE module 202 from the
MR head 80 is converted from analog form to digital form
by an analog-to-digital converter 206. The digitized
readback signal is then communicated to a delay device 486
and to a programmable filter 488. The programmablé filter
488 is a finite impulse response (FIR) filter having a
length N, where N represents the number of impulse
response coefficients or taps of the programmable !filter
488. The readback signal applied to the input of the
programmable filter 488 is subjéct to a total signal delay
corresponding to the length N of the programmable filter
488 as the readback signal passes through the programmable
filter 488.

R In accordance with this embodiment, the
programmable filter 488 is programmed with appropriate tap
coefficients and weights so as to pass the relatively low
frequency thermal signal component of the readback signal
and to filter out the relatively high frequency magnetic
gignal component. As such, the progi‘ammable filter 488 is
configured as a low pass filter and programmed to pass the
thermal signal which can be generally characterized as a
medium frequency signal with much of its energy in the
freqliency range of approximately 10 kilohertz (KHz) to
approximately 100-200 KHz. It is noted thét the magnetic



In accordance wth this enbodinent, the progranmable filter 488 is
progranned W th appropriate tap coeff|C|ents and wei ghts so as to pass the
relatlvely | ow frequency thernmal signal conmponent of the readback signal
and to filter out the relatively high frequency magneti c signal conponent.
As such, the progranmable filter 488 is Zbnfigured as a | ow pass filter and
progranned to pass the thermal signal which can:be generally characterized
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noted that t nagn nal nponent e readback signal has a
frequency ramngfng be'jﬁ%eﬁ:kheﬂﬂ? %31 2648 ﬁegéﬁer?ge(l\ﬂlﬂ'ﬁp‘éﬁd 950 Whe.
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time required for the adback signal .460 pass_t hrough_the pro bl e
1 Ter 433, - as such. TRB r BRiptcragvife: ALe” REFPLTRF nghi: HeRRTRC and
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to the delay time required for the readback signal 460 to
pass through the programmable filter 488. As such, the
' readback signal 460, containing both magnetic and thermal
signal components, and the thermal signal 480, extracted
from the readback signal by the programmable filter 488,
arrive at the signal summing device 490 at substantially
the same time. The signal summing device 490 performs a
demodulation operatibn on the readback signal 460 and
thermal signal 80 to produce a restored readback signal
478. Thus, the signal sepafation/restoration module 476
illustrated in the embodiment depicted in Fig.'ll provides
for the separation of the magnetic and thermal signal
components of a composite readback signal and,
additionally, produces a non-distorted restored magnetic
readback signal 478. = For more details on designing,
implementing, and programming a FIR filter for use in the
signal separation/restoration module 476, reference is
made to E.C. Ifeachor, B.W. Jervig, "Digital Signal
Processing" (Addison-Wesley Publishing Company, Inc.
1993).
. Returning to Figs. 9 and 10, the modulated
readback signal 460 shown in Fig. 9 represents the
appearance of the readback signal prior to being processed



thermal signal 80 to produce a restored readback signal 478. Thus, the

signal separation/restoration nodule 476 illustrated in the enbodi nent
depi'cted’in Fig. 11 provides for the separation of the nmagnetic and thernal
si gnal conponents of a conposite r eadback si gnal and,

additionally, produces a non-distorted re3bored magnetic readback signal

478. For nore details, on designigg“ igplenenting, and programming a FIR
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interest. The efTectiveness of the ter in elimnating the
basel i ne shift or nodul a¥P PRBELEREAT e ok A0 JgyMAen &y Eichs fiddtdd that

the 9-tap filter exhibits perfect linear phase response

over the frequency range of interest. The effectiveness
of the 9-tap FIR'filter in eliminating the baseliné shift
or modulation of the readback.signal is demonstrated in
Fig. 13. Fig. 13(a) shows a readback signal demonstrating
an unstable or time-varying baseline. 1In Fig. 13(b), the
modulaﬁing baseline of the readback signal apparent in
Fig. 13(a) has been eliminated after passing the distorted
readback signal through an appropriately programmed 9-tap
FIR filter. The tap weights for the 9-tap filter used to
‘restore the baseline of the readback signal was defined to
include tap weights of:
b(i) = (1/9) * (-1, -1, -1, -i, 8, -1, -1, -1, -1),
or
b(i)

(-.111, -.111, -.111, -.111, .889, -.1i11, -.111, -.111, ~-.111)

The waveform shown in Fig. 13 (c) was produced by
passing the modulated readback signal shown in Fig. 13(a)
through a conventional highpass Butterworth filter, which
is a single-pole highpass filter. It can be seen that the
undesirable modulating baseline of the readback signal is
not significantly reduced in magnitude after passing the
readback signal through a conventional highpass filter.



Fig. 13. Fig. 13(a) shows a readback signal denonstrating an unstable or
time-varying baseline. In Fig. 13(b), the nodul ati ng baseline of the
readback ’si gnal apparent in Fig. 13 (a) has been elininated after passing
the distorted readback signal through an appropriately programred 9-tap FIR
filter. The tap weights for the 9-tap filtgs used to restore the baseline
of the readback signal was defined to include tap weights of: [err] The
waveform shown in Fig. 13 prewdoysmlydinddchyegysshrgmayeitndel ahddphase

readback si gna ' ' a)wLhipQ n Lanal, b )
Butterworth fi :CPEI%%%‘E:Z&@%S;% néf%- goll&%%h%ﬁgaggf%?t grs.el.z% ?ﬂgg?\éﬁtéoggen
that the undesthgobPasedddeatin§hsaserihacks siaeakeadhabrvsi §naFigs Ha(b)

significantly weduaeibddttmesly Usleowht 8h PEgs. naatBe Leadhacks)si 9Nt can

t hrough a conventional ,hi ghpass f,ilt %. 6 As reV|?usl ~ I ndicated, the
magni t ude and a?geghépa%ﬁgkiiﬁﬁgg g abLgo8e; ﬁgg?ﬁ‘? Ifé¥p3§e5a¥o°?ﬁgfore
t he basel i ne ofint ke qubstvandi gfiathasfshowern whikhgmai3l® «limimspedt byel y
shown in Figs. : Row be s Q- Fi, g4 a), gt 0
degree of rippﬁééﬁg%Jgggh%A1n thghgégggghgoo?ﬁghggPiV?é?ﬁé%i%ﬁ EQ% %eggp
elinminated by &R ﬁnﬂgt%rwi nBEIWWRYN QS cixaPie aaPaneigst yvigidavhecant bp
FIRfilter. By &f esamhe tap ghe s\ il owhean hey@pprRedk - dhebhap

wei ghts of the 9- FIR filter t'o produce,a w ndowed restore_filter having
the ol | owi ng. BEFIREGA S1odeme FRECotEp Gt LoF Tt REVERgabb: FabhEH PRRESD
filter having wedoghmwe-listed tap weights results in the elimnation of
the ripple as shown in Fig. 15(a). As further shown in Fig. 15(b), the

wi ndowed 9-tap FIR filter retains its perfect
b(i) = (-.0089, -.0239, -.06, -.0961, .8889, -.0961,
-.06, -.0239, -.0089,)

The output of the 9-tap windowed FIR filter having the
above-listed tap weights results in the elimination of the
ripple as shown in Fig. 15(a). As further shown in Fig.
15(b), the windowed 9-tap FIR filter retains its perfect

i linear phase response. It is noted that applying a window
function, such as a Hamming window, to the tap weights of
the programmable FIR filter 488 allows for a non-zero DC
gain and .some increase in low frequency response.

Turning now to Figs. 19-24, there is illustrated
another embodiment of a signal separation/restoration
module 476. In the design of an AE module 202 as
illustrated in Fig. 8, it is often desirable to include a
highpass filter in.conjunction with a preamplifier for
purposes of rejecting the relatively low frequency signal
content of the composite readback signal produced by the
MR head 80. The highpass filter of the AE module 202
distorts both in amplitude and phase the thermal signal
component of the composite readback signal. The magnitude
of the thermal signal distortion due to the highpass
filter varies in severity depending on the frequency and
phase response of the particular highpass filter employed.



| i near phase response. It is noted that applying a wi ndow function, such as
a Hann1ng wi ndow, to the tap weights of the programmable FIR fllter 488
allows for a non-zero DC gain and some increase in |ow frequency response.

Turning nowto Figs. 19-24, there is illustrated anot her enbodi nent of a
si gnal separation/restoration nmodul e 476. 27In the design of an AE nodul e
202 as illustrated in Fig. 8, it is often desirable to include a highpass

filter in conjunction w tBy away eafiplexaimprlef,ora pukghpessoff iddjeartswngtabke

relatively | owgbheguan hoR& mé ng o of afilb@(?'[fe n
produced by the MR heia(iyl 3 ﬁg e BHES ggg 7 S%f@%?&?ﬂgﬁiif dule %bg 8

distorts both PﬁRﬁﬂﬁHWﬁﬁﬁgzuuﬁ%ﬁasgﬂ%heaFﬂerﬁﬁhlgﬂ§nam ophase
conposi te readbatlaviiognal . TﬁbeﬂﬂﬁymdnﬂhésﬁaééﬁbiﬁﬁéﬂahlauyﬁéadhS&Odisnn

due to the hig el yaLies ve en oR t.he f cy
and phase resp%ﬁ%%i&dtéygﬁﬁég fghE%é¥°%?P % %pl%e%?w i&@“ﬁ% may
of exanpl e, a Negeexyes filthe suh¢amab fsxgusb |nfanaAEnﬁﬁﬂh&CMOZSngyahave
a cutoff frequ%@?\idﬁn@p%‘a&' MRt ef Yo pOOh&FZ Al Sidi Ride Wity | '1%eakﬁ9ha§8

behavi or. The equenC|es associ ateéd wth head- to di sk spaci n anges,

however, typi cBPPFPEMAETS ohO200KHE:. MbF eGR&Y ?héﬂﬂﬁ?ﬁeﬁt gr"’réllatof aa
r eadback tSI ?nahlwa@d £ 1S &aﬁh@@uan@ytétﬂﬁgfﬁéq@@h&?e@f Jébmxlintﬁately
approxi mat el y can eC|a e

oot v o cut o PO, &Hgeiy 1op S8R cAREY uiaEErk Ehs RrbLEERRR: it Bhase
di stort the anpifi tttitke ahdrmaassy@haﬂuthpnnEﬂtsognahecmmmﬂhankoélghel

r eadback signa Th t r Si

however, rewalkg un§ gﬁggﬁ% fé%e h| “%éi?ﬁ E t%ﬁ%cgggﬁggﬁ%éq%gﬁhal
range for the IRENEME 1T, sregminssugeﬁéﬁateé bvmth@o hight;ass neslient sdheehe

highpass filterydit@fdqyency range for the magnetic signal is generally

some 20 to 40 times that of the highpass filter cutoff
frequency.

In Figs. 19(a) and 19(b), there is respectively
illustrated graphs showing the magnitude and phase
response of the highpass filtering behavior of a typical
AE module 202. The highpass filter has a cutoff frequency
of approximately 500 KHz. The transfer function for the
highpass filter having a single pole at 500 KHz and the
magnitude and phase response illustrated in Fig. 19 can be
defined as:

b,(1) +b,(2) 2z

- H_ = 4
° 1+ah(2) '2'1 [ ]
where:
b,(1) = .9876
b,(2) = -.9876
a,(2) = -.9752

The distortion to the amplitude and phase of a
thermal signal introduced by the highpass filter of the AE
module 202 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



frequency. In Figs. 19(a) and 19(b), there is respectively illustrated
graphs showing the magnitude and phase response of the highpass
filt'erind behavior of a typical AE nodule 202. The highpass filter has a
cutoff frequency of approximately 500 KHz. The transfer function for the
hi ghpass filter having a single pole at 30 KHz and the magni tude and phase
response illustrated in Fig. 19 can be defined as: [err] where: The

di stortion t cheédBmbdulide2@Adthhaughotha ihvenak fidhelr restodesedhsy t he

hi ghpass fil tifefthal heidka DM & Qi i BT §rnY,Slo6t] 1A aa?qqmaé%&f an
i nverse filter, having_a transfer function inverse to that aof the highpass
filter. PassiBRP%®e r EQUbEXRMWIIGnalthuttHANS fm funoiencokrany dnve s
through the ifvetee fortebndattiondnd ke tdwdibidk SsUgAL1t pabbedotidiaih
form both in a Iit%ge a@d Qhaseh For exal | e R&g_egqpsier fuynction of an
inverse filtet POOESN t itomhg altSaaBack S GRSV HESHE D P HiFhpass
filter havi ngfumetdbovefdeguatbeod tlhdndser function of equation [4] is:
[err] The magnitude and phase response for the highpass filter of the AE
nmodul e 202 and the inverse filter_,descni bag(abowe*are respectively p qtted
e

in Figs. 20 and 21. In particul dfe 1 A99DLL P5F . Lesponse of the inv
e il 2 58

filter and the highpass filter of the no 2 is respectively shown
as curves 570 and 572 in Fig. 20. The phase response of the inverse filter
and highpass filter is Thepevwigndibpdshovandis pirses sgepranges74£on n e

embodi ment, ap; kRbABL! 6 TR SO €ERENSE module 202 and the inverse
- filter described above are respectively plotted in Figs.
20 and 21. In particular, the magnitude response of the
inverse filter and the highpass filter of the AE module
202 is respectively shown as curves 570 and 572 in Fig.
20. The phase response of the inverse filter and highpass
filter is respectively shown as curves 576 and 574.

In one embodiment, an infinite impulse response
(IIR) filter is programmed to respond as an inverse filter
for purposes of restoring the thermal signal content of a
highpass_filtered readback signal. Although an analog
filter can be employed in an alternative embodiment, an
IIR filter provides 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 filter behavior of the AE module 202.

The signal flow diagram illustrated in Fig. 21
is representative of a first order IIR filter configured
as an inverse filter. The coefficients associated with
the signal flow graph of Fig. 21 for a first order IIR
inverse filter having a transfer function given by
equation [5] above are:

a, = .9876
a, = -.9876
b, = .1

b, = -.9752



(I''R) filter is programmed to respond as an inverse filter for purposes of
restoring the thermal signal content of a highpass filtered readback
signal. ~ Although an analog filter can be enployed in an alternative
enbodi nent, an IIR filter provides a nunber of advantages well-suited for
use as an inverse filter for purposes of restoring the anplitude and phase
of a thermal signal distorted by the highpass filter behavior of the AE
nmodul e 202. The signal flwid.a@3anmtherestsaidiushratgd fhree waveforms

representati veefe adiddde EEET thé Re%!flafs@'iv@ﬁ@%‘sg‘érfeq:r?é fﬁ’véPé’%r %?lft'elxl er.

The coefficients associated with the si Tl ow graph
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. witten at a ft}wwa)tewweéﬁéﬁ@pedm@omeéd éﬁﬂsksuwt%sa%aﬁpzédMZ 100

Mz with 8-bityyiesol titd@RendPpe 9TABN reBAWACKN sﬁ.'fxalz'?v(éﬁ $ féénhi 10T
cal cul ated pe to p ak g@ltude of .t he readba

stgnal shown i LRRSHEF Gy,  Tpr SCah P bAER riBnELPC 20dking
signal 160 \mledpn:émntsy sheweal dulet: eaf pagket bepsagnaiaghiitcide t8€ MRe ead
component of HREEAISRrYrSE Bfber ddig DIh Dedieh ERPHOGNR Fag:
hi ghpass 23(b), accordingly, represents the magnetlc spacing signal
160 which clearly shows a loss of magnetic signal due to
the MR read element passing over the pit. Figure 23(c)
illustrates the thermal signal component of the readback
signal after having been passed through the highpass
- filter 550 of the AE module 202. It can be seen by
comparing the waveforms of Figs. 23(b) and 23(c¢) that the
magnetic spacing information and thermal spacing
information do not correspond closely with one another
because of the distortion to the thermal signal component
caused by the highpass filter 550, which has essentially
differentiated the thermal signal. For more details on
désigning, implementing, and programming an IIR filter for
use as an inverse filter, reference is made to E.C.
Ifeachor, B.W. Jervis, "Digital Signal Processing"
{Addison-Wesley Publishing Company, Inc. 1993).
In Fig. 24, the thermal spacing signal 562
processed by the inverse filter 556 and mean filter 558 is
illustrated together with the magnetic spacing signal 560
passed through the digital filter 552 and log device 554.
It is noted that the linearized magnetic spacing 51gnal
560 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



filter 550 of the AE nodule 202. - It can be seen by conparing the
Waveforms of Figs. 23(b) and 23(c) that the nmagnetic spaci ng

i nf ot mati on and t her nmal spacing informati on do not correspond closely
wi th one anot her because of the distortion to the thermal signal conponent
caused by the highpass filter 550, which s essentially differentiated the

thermal signal. For nore details on designi Jg:é’“ npl ementi ng, and
progr anmi ng arFPAELRY| FBRANES, iffs @CEOTIRNGR, &f t5he cve llskBPWR §ald aftie

to E.C |feachequatBodl Jrfvéan be" Hiegnt aln Flghaba Ripaesskeght for a

(Addi son- Vsl e bl | h| n ne 993 Ei. he thernal
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with the well -kno ace.equation be seen.in Fi

except for a d‘fhﬁ?’é‘?‘%#slﬁﬁaél gﬁ&f’mhéf’gﬁﬂganggécgl PIRVAYIES, é'r qﬁirrect
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di agram form a, Séstem or “processing a readback SI ghal to, obtain ma_gnetlc
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detected from ghefdeek 24 by the MR head 80. It is assumed that the
readback signal is a -composite signal containihg both
magnetic and thermal signal components. The readback
signal detected by the MR head 80 is communicated to the
AE module 202 and then to a highpass filter 550. The
highpass filter 550 is shown as a component external to
the AE wmodule 202. In general practice, however, the
highpass filter 550 is incorporated into the AE module
202. The transfer function of the highpass filter is
denoted as H,. '

The output signal from the highpass filter 550
is sampled by an analog-to-digital converter 551 to create
digitized samples of the highpass filtered readback
signal. The digitized "~readback signal is then
communicated to the inverse filter 556 which corrects for
the distortion introduced by the highpass filter 550 of
. the AE module 202. The transfer function of the inverse
filter 556 is denoted as H,?. The mean of the signal
passed through the inverse filter 556 is obtained by
digital filtering using a mean filter 558 to produce a
thermal signal which is linearly related to the head-to-
disk spacing.



surface 24 by the MR head 80. It is assuned that the readback signal is a
conposi te signal containing both nmagnetic and thernmal signal conponents.
The feadback signal detected by the MR head 80 is conmunicated to the AE
nodul e 202 and then to a highpass filter 550. The hi ghpass filter 550 is
shown as a conponent external to the AE m3dul e 202. In general practice,
however, the highpass filter 550 is_incorporated into the AE nodul e 202.
The transfer function ofThtherarghpaks shigpgdr REOHAIRA eBt adbEereytrupeot

out put si gnal theom khalbgghkRasddiiddler 8bfAvesteanpl Bshiby iy also

be
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fTtered r eagptmirifaied” eootq fgfff, Syt edlCkadt Pedthaias 'a PRGN
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linearly rel at to .the head-to- disk spaci gy s 1 The readback signal
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be conmuni cat eddmala dilgitt alisf | tieeadd?;, swihtad atbl Rthel theadthatdisk
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known and only depends on the recorded wavelength of the
signal. It is important to note that both the magnetic
énd thermal spacing signals 560 and 562 are linearly
proportional to the head-to-disk spacing (y). |
In order to more fully appreciate the various
aspects of the present invention, a brief discussion of a
conventional MR head is provided. The general layout of
the principle elements in a typical merged MR head 600 is -
illustrated in Figs. 16 and 17. The illustrations are not
drawn to scale, but rather are provided to illustrate the
relative orientation of the various MR head elements. The
MR head includes a pair of shields 601 and 603. An MR
element 602 is located between the shields 601 and 603.
The MR element 602 operates as a read element of the MR
head 600. ,
Element 603 in conjunction with element 604 form
‘a thin film magnetic head functioning as a write element
for the MR head 600. Elements 603 and 604 operate
respectively as first and second magnetic poles of the
thin film write element. The dual function of element 603
(i.e., acting as a first pole of the write element and as
a second shield) results in the merged nature of the MR
head 600. Insulation layers (not shown for purposes of



spaci ng signals 560 and 562, respectively, the thermal signal can be

cali brated since the magnetic calibration is known and only depends on the
recorded Wavel ength of the signal. It is inportant to note that both the
magneti c and thermal spacing signals 560 and 562 are |linearly proportional
to the head-to-disk spacing (y). In order320 nore fully appreciate the
various aspects of the present invention, a brief discussioqﬁg

f a
convent i onal agdLyirs PFedlaffas GEfetyPICRAIN TOrMak RatwRsp the
el ements in avaypooa elengertdVidfhade 600 Hemd ldastrated in Figs. 16 and 17:

The illustrations are nqt, d sgal.e t.rather, are_prqvid to
illustrate the rel ati ve%(?r i éﬁfg{l%gn oeilt(‘ﬁ:gla\iajr‘?oyéq\ﬁ? hggd %f%rrggt's.t}ﬁ‘ue MR
head incl udesfarp&i rshfelshi @0Us BB1edetedl3.602An aRleberend 60l | 8¢t ed
between the sbielbdy gg&w%%é ToRe MR GIrIIRNE 5692 QPEr gL €51 S @ ohe

el ement of the MR head 6 El ement _603 1n conjunction wth el enent 604
forma thin fFPEPREFIAE VeeekCaLnelrBAfng d9€a RTINS ePeAENE Oforig HRORR

Tagnet 1o pol on ot e LR Lo pe B e e o e e
magneti c pol es, 0 e n filmwjte el enent. al _funcgtion,of e]enen
509 (1 . " acthRy SLSneRkRs A58 S RtRANEY | Padpdde AHITIO% Beophs

shi el d) resul 8dreattilom refr ghe pabnecodf thaepddie healh B illhsstwdt bonkayers
(not shown fo u S A i {2y, { S re.t ypi y

formed bet \Aee%hfgh?a\%%% 5%5 % ee%#ségé%%esmg%l%%& %ﬁfﬁ?t%ie)éggélél’ cted
in Figs. 16 af@llpwechdy ittha Miiedenegl 60k &fidikritheoRirghoshiedddsShi el d

603 extend upwahgd P HAFE 0 Herti cliek, e I thé e5@stive and
vertical planes. ,"The secondzyole 604 |s<¥ot sgomm in Fig, 16 for gﬁrgoses
of clarity. TPQ%ﬁQ%ﬁ% MR leads 701A and 701B, respectively. ese

leads are formed in a plane between the first shield 301
and the first pole/second shield 603. The leads 701A and
701B are electrically coupled to the MR element 602 in a

known manner and operate in the normal fashion. Connected
to leads 701A and 701B, are extended leads 705A and 705B,
respectively. The extended leads 705A and 705B have
connection points 707A and 7078 which are' respectively
connected to lead wires 709A and 709B which, in turn, are
connected to a preamplifier module 711. I

The physical phenomena that . generates the
thermal voltage response v, across the MR head element 602

is that as the instantaneous head-to-disk spacing
increases, there is more air space between the head 600
and the disk surface 501A ¢ausing the MR element 602 to
heat up. This heating cause the MR head 600 resistance to
increase due to the positive temperature coefficient of
the material constituting the MR element 602. For
example, permalloy has temperature coefficient of
+3x10-3 /°Cc as mentioned previously. At a constant bias

current, the wvoltage across the MR element 602

Vg
resistance will increase. If the MR element 602 comes in
close proximity to the disk surface 501A, more heat
transfer will occur between the MR element 602 and the



the elenents are illustrated parallel running in the direction of the plane
of the page. In the illustrations, the plane of the first pole/second
shield 603 is closest, followed by the MR el ement 602, with the first
shield 601 being furthest away. Al so depicted, are the negative and
positive MR | eads 701A and 701B,. respecti3zel y. These | eads are forned in
a plane between the first shield 301 and the fifst pol e/second shield 603.
The | eads 701higidsyoiacar E0aRecrMsdad wasddiiePh dhadRRebevanht 6682 in a

known manner ﬁHE’fEﬁﬁf%fh nléﬁérﬂﬁgnéf EﬁéhMﬁnhegénégét§Qs£9t£ﬁé@swEQ1A and
701B, are extended | 5A and 705B, respe% ively. he extended | eads

705A and 705B-FHRE eﬁ?gﬁﬁgﬁoﬂﬁms AN G ?07@2\/\,{%1&‘?‘% PReprti Fel y
connected to 9 09B which, in turn, are connected to a
preanplifier é$%%#¥$€1§lzg'éhg gsgcal phenonena t hat generates the therna
vol tage response [err] &ErU&é t hefvravwese elkerepndsostoedt hhatayartious
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bet ween the head 600 and L surfﬁ 5Q1A caysing the el enent 602
to heat up. %c‘ﬁ%%?iin’@e’é%% PHE WRCHEHS 66BarEdpgt H&’E‘ the fCaRs ©Xue
to the positis‘pli—mpefatnéep&@@‘éntclﬁmemhdme mfeéxahpleon&het Wari the
MR el enent e gg ﬁe g rnaIIQ% has eratu € ved
coefficient %CI’SJ-F §°§lflgrrTe fentt neacpl%z? ?%%SITPYA 6‘}%]t 2 bllz%
current, the svxad;tazgs [mnp]]omg)ssgthe:alw dheaertisd(P, rogi sdzasicsz hidving
increase I n I
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err] across the el nt 602 at
[ ] but shoulgn%e defined only by the full and fair scope of

the claims set forth below.



constant bias current. It wll, of course, be understood that various

nodi fications and additions can be made to the enbodi nents di scussed

her el naboVe without departing fromthe scope or spirit of the present

i nvention. For exanple, the servo positioning nethod and apparatus may be
enpl oyed in systens enploying optical data4di sks, or disks having spiralled
or other non-concentric track configurations. Accordingly, the scope of the
present invention should not be |initedCLadIMBe particul ar enbodi ments

di scussed abo b Qul efined only by the full and fair _scope of
the clains se?ﬁﬁg de %hIQﬂ%&Ki%h-CLAINB VWhat is clained is: 1. A storage

devi ce, conprlsmg1 -a migderass Sewicq MgomasiRgt ng first and second MR

el enents; a storage madlauml Sfed sl vOW (MR) atHas] NR¥OTRE! diatdweegngai d
MR head and sai d -stor e |u sai d storage nedi umincluding servo

i nformation pP&FP GrREY %irst and second thermal responses in said
MR el enents; a controller emmuﬂagé t meddoh Maotmaddantdopralided telavhtreol

the relative HBYEHe bﬁéwsgnsaﬂdwweﬁgaan%ﬁtQafaorg di HO% Y 5N

said first an secon ermal responses orage e as reclted
in claimi1, wiedid wtoagstwedien @acbndeamsews? d tweonju BRovided A

storage deV'C%oa%ﬂﬁﬂ&éeﬁlfﬂtcbﬁamé%cdﬂﬁﬁéﬁékﬁ@ldres Bh%es ﬂH‘%éE@'ﬁﬁ
conpri ses sur.face FrOfl e variations in said nmagnetic disk. 4.

storage devi c&L1e® ited in claim3, wherein
a controller coupled to said MR head and

provided to control the relative movement between said MR
head and said storage medium using said first and second
thermal responses.

2. A storage device as recited in claim 1, wherein
said storage medium comprises a magnetic disk.

3. A storage device as recited in claim 2, wherein
]
said servo information <comprises surface - profile
variations in said magnetic.disk. '

4. A storage device as recited in claim 3, wherein
said disk includes tracks separated by said surface
profile wvariations. '

5. A storage device as recited in claim 1, wherein
said first and second MR elements are positioned adjacent
one another.

6. A storage device as recited in claim 1, wherein
said controller responds to a thermal position errorxr
signal generated from said first and second thermal

signals.
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sai d disk includes tracks separated by said surface profile variations. 5.
A storage device as recited in claiml1l, wherein said first and second MR

el enents are positioned adjacent one another. 6. A storage device as
recited in claim1, wherein said controller responds to a thermal position
error signal generat ed fromsaid first angissecond thermal signals. 35 7.

A storage device as recited in claim®6, wherein=said thermal position error -
signal i's a linear7si gndl st@rageAderircg@sdaricddess imeciltaddn it oflemeim
wherein sai d 5heuMheR@Ril b &I SBRlsidd) i Lol sidaped; %ﬁ&iﬂ the

rel ationship: [err] where [err] represents a function of salde rst thermal
response signal and t2 represents a function of said second:thermal
response signal. 98 Amwo&@@ei@éﬁe:ea&sr e@idiakd nitlAidi 6, fwHdPein

i ncl uding a dem)g ada% i ve calibrator or, "Ser ating said,
position erroP2s pRS& 0T ST FAIRAd: of i ccgetrﬁﬂ?hﬁegt
magnet or esi stfrem( MR)e Ixed@twdnshm MR el enents and a servo control system
for positioning said MR head in response to thermal signals induced in said
MR el ements, conprising: a plurality tracks separated by track markers,
said track markers being thernmall yidet &et abl e by said servo system 11. A
disk as recited in clai mg),- wherein said track nmarkers conprise

t opographi cal variations. 12. A di sk+as recited in claim1ll, wherein sai d
2 1

where t, represents a function of said first thermal
response signal and t, represents a function of said second
thermal response signal.

9. A storage device as recited in claims 6, further
"including a demodulator and adaptive calibrator for
generating said position error signal.

10. A disk for use in'a storage device having a
magnetoresistive (MR) head with two MR elements and a
servo control system for positioning said MR head in
response to thermal signals induced in said MR elements,
comprising: |

a plurality tracks separated by track markers, said
track markers being thermally detectable by said serxvo
system. '

11. A disk as recited in claim 10, wherein said

track markers comprise topographical variations.

12. A disk as recited in claim 11, wherein said
topographical variations comprise circumferential grooves.

[
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t opogr aphi cal variations conprise circunferential grooves. 36 13. A disk
as recited in claim 10, wherein said track markers have a thernal

em sS§ivity which differs fromthe thermal emissivity of said tracks. 14. A
disk recited in claim 10, further conprising sector markers intersecting
said track markers, at |east a portion of 3@ach of said sector markers being
thermal |y detectable. 15. A disk as recited in claim 14, wherein said
sector nmarkers are ¥3di ab ghedvess Ifcidedi sknastledio t2d, i whdrein 16aid

further conprisidék dnLAtdbs 340 4 rt@feli*ngqvb s%J.Wl‘il,y]le@% ﬁﬁgﬂt}_ss‘f%}% { hat

when said MR el enents are centered over ca i bration track said
el enent s doluﬁthﬁhﬁﬁm%%lﬁm%ﬁﬁéKlﬁﬁrR§r§§1§7Frﬁchﬁsk recited in claim16

further conprising sector mar kers having a width in the calibration track
wi de enough for th ge

i on A disk as recited jn 15, wherein
sai d sector narkers ave aé%F tﬁecﬁ%ﬁﬁel@mq i%@’t#%fkhﬁF 56™PFasing
m crons. 19. A?emttdmodmafkpmm tintierse ct imeg metick dsiatk veath&rshead Nadgw a

pai v of WR el 16HCEPLAM CHTI Y ML ADS: ShEDRe AL pbDAUCEAL LISy and

second t her nmal gna S in sal enents. and novi ng sal
response to sadeté¢abland second thernal S|gnals 20. A nethod as recited
in claim19, further conprising the step of: ' :

15. A disk as recited in claim 14, wherein said

sector markers are radial grooves.

16. A disk as 1recited in <¢laim 10, further
comprising a calibration track having a width wide enough
such. that when said MR elements are centered over said
calibration track said MR elements do not detect said
track markers. ‘

17. A disk recited in claim 16, further comprising
sector markers having a width in the calibration track
wide enough. for thermal detection.

18. A disk as recited in 15, wherein said sector
. markers have a width in the calibration track of 50-100
microns.

19. A method of positioning a magnetoresistive (MR)
head having a pair of MR elements, the method comprising
the steps of:

inducing first and second thermal signals in said MR
elements; and

moving said MR head in response to said first and
second thermal signals.

20. A method as recited in claim 19, further
comprising the step of:

) A



37 generating a position error signal (PES signal) based on said first and
second 't hermal signals, wherein said noving of said MR head is done in
response to said PES signal. 21. A method as recited in claim20, further
conprising the step of calibrating said first and second thermal signals,
wherein said noving is in response to said3librated first and second
thermal signals. 22. A method as recited in claim20, wherein said noving
step further includes the9SRepalingi AgPaRlhéPBabEron ShgRadr i(PEF rdgp@idi ng
tﬁ _saitd PEsti g:s%ée&anf {Qaﬁl{ﬂi mﬁk@@ aﬁgi tse@ohta; c&rﬁémallﬁ,sigﬁwsé ngi&*éiﬁi ng
e steps of: inducin irs nd sec magnetic, signals in sai ,
el enents; and d??’v‘?nragglgﬁi ﬁ&?egﬁ?t)‘fd\?ﬁ'i He?gsbgng?nteo L TEFRPRFE AR S%Shd
magneti c signalRES 2digatet hod as recited in claim23, wherein said driving
step further includes the step of generating a differential timng signal
fromsaid first and second nmagnetic signals. 25. A nethod as recited in
clai m 23, wherein safl-fiRstmahlcdecafd waghtehc dngnglaiar e 28noc svddhanr

use by a data chsmpeising thd EREROGOfcLaliHeidddsdie Ehpsrabnsenadddndty
of two nagnetor%ilstl e (MR) .elenents of a MR _head.,in g stprage system

havi ng at | eastt AT sRIGRG 18y | SERETOHR RRIAFRViNG 1ot HOdTESRONSS
the steps of: neaidfgcadibriBefleddrie andalsieloaid ahdrdk signads ] nduci ng

first and second thernmal signals in said MR
22. A method as recited in claim 20, wherein said
- moving step further includes the step driving an actuator
with a driver responding to said PES signal.

23. A method as recited in claim 19, further
comprising the éteps of: .

inducing first and second magnetic signals in said MR
elements; and

driving a spindle motor in response to said first

]

and second magnetic signals.

24. A method as recited in claim 23, wherein said
driving step further includes the step of generating a
differential timing signal from said first and second
magnetic signals;

25. A method as recited in claim 23, wherein said
first and second magnetic signals are processed for use by
a data channel.

26. A method of calibrating the thermal sensitivity
of two magnetoresistive (MR) elements'of a MR head in a
storage system having at least one disk and at -least one
MR head, the method comprising the steps of: | i
moving said MR head to a calibration track;

R



el ements; adjusting the gain of said first and second thermal signals so

t hat sald first and second thermal signals are equal. 27. A nethod as
recited'if claim26, wherein said. i nduci ng step includes the step of
passi ng said MR head over sector markers provided around said calibrated
track. 28. A nethod as recited in claim2638further conpr|5|ng the step of
determning first and second ak anplltudes of #said thermal signals,
wherei n sai d adj ust iR WQﬁﬂ3uﬁi¥ Rﬁﬁ?W%ﬁ 2ignals i 8Adds¥Rond
peak anplitudeeleri@&nts;net hod as reC|ted |n clai'm 26, further conpri sing

the step of sel a QF 4C rat| 30, t hod.as
recited in claim 26al R'leer%g'l sal%/%dﬂ? f |ﬁc?ﬁg§ eecp°%$ thermal
mul ti plying s aiBd ghiarlst &guthaﬂxaaidlﬁynﬁﬂ an@yaﬂqpnﬂ/Uhﬁrm¢ﬂieigna$a|dre
mul tipliers bep Egaved in a random access nmenory. - 31. A nethod as

recited in clai 6, further conprising the steps of: identifying an index
mar ker of a first disk; identifying an index marker of a second disk; and

measuring the tine wferz:enﬁ@tm&wesnﬁe@qr&teldf Yirfhgcsaid Riel,Stwithdkinh nQSld
mar ker and sai g %Icqnd di sk i nde hod as recifed in,cl

t
T oherorn oL lpotedn Ardn DRCHuIBE Fhe 38anlolT! Hohelid Faigvkopkad
si mul t aneousl y owietrh seaitdr maurkierg ptrepided around said calibrated track.

28. A method as recited in c¢laim 26, further

- comprising the step of determining first and second peak

amplitudes of said thermal signals, wherein said adjusting

includes adjusting the gain of said first and second peak
amplitudes.

29. A method as recited in claim 26, further
comprising the step of gselecting an MR head for
calibration.

30. A method as recited in claim 26, wherein said
adjusting includes the step of multiplying said first and
second thermal signals by multipliers, said multipliers
being saved in a random access memory.

~31. A method as rec1ted in claim 26, further
comprlslng the steps of:
identifying an index marker of a first disk;
-identifying an index marker of a second disk; and
measuring the time difference between identifying
said first disk index marker and said second disk index
marker.

32. A method as recited in claim 31, wherein said
identifying steps and said measuring step are performed
simultaneously with said inducing step.
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