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Descri ption Met hod and Apparatus for Positioning a Magnetoresistive
Head Technical Field The present invention relates
generally to data 5 storage systens, and, nore particularly, to a
met hod and apparatus for positioning a nmagnetoresi sti vaefikdsbsasd
relative wOop st orage nedi um Background Art
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Technical Field

The present invention relates generally to data
storage systems, and, more particularly, to a method and
apparatus for positioning a magnetoresistive (MR) head relative
to a storage medium.

Background Art

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, representing 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
assembly and a plurality of ocutwardly extending arms having
fiexible 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 assembly (E/block) mounted to the actuator
assenbly. The coil assembly generally interacts with a
permanent magnet structure, and is responsive to a controller.
A voice coil motor (VCM) is also mounted to the actuator
assembly diametrically opposite the actuator arms.

In a typical digital data storage system, digital
data is stored in the form of magnetic transitions on a series
of concentric, spaced tracks comprising the surface of the
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The spindle notor rotates the disks at speeds typically on the 15 or der

of several thousand revol utions-per-m nute. Digital - I nformati on,
representing various types of data, is typically, witten to and read
fromthe data storage disks by one or nore transducers, or read/wite
heads, which are nounted to an actuator assenbly and passed over the
surface of MWRIW2468d|y 20 rotating disks. - ' PCTIYS9648%45at or
assenbly typically includes a coil assenbly and a plurality of
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conprising the surface o
and move from track to track, typlcally under the servo control

10 of a controller.

The head slider body is typically designed as an
aerodynamic lifting body that lifts the MR head off the surface
of the disk as the rate of spindle motor rotation increases,
‘and causes the MR head to hover "_ébove the disk on an air-

15 . bearing - cushion 'iprodi-'xcéd 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. . . I P LR

“Writing data to a. data storage disk ‘generally

20 involves passing a current through-the write element of the

transducer aséembly-:.—-t‘-é 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

25 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 signals. in the: read element. The

.. 30 ° electrical signals correspond to transitions in the mgnetic
field. R - - _

‘Conventional data Storage systems generally employ

a closed-loop servo control system for positioning the actuator

and read/write transducers to- specified storage locations on

35 the data storage disk. - During normal data storage system
. operation, a servo transducer, geherally mounted proximate the
read/write transducers, or, alternatively, incorporated as the
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magneti zable rigid data storage disks. The tracks are
generally divided into a plurality of sectors, with each sector

conprising a nunber of information fields. One of the _
information fields is typically designated for storing data, 5 while
other fields track and sector position i.dentifications
and synchroni %ﬁ%nf ormation, for exanple. Data i s FM4 ed

to, and retrieved fraom speC|f|ed track_and sector |l ocations by the

transducers whi'8f% SYegEnt gfyERet Frrpeducer, iggypdgalivopmpieved tkp treadk,
typically underinfremtion cior rete 1purpsde aofofblablvéng a specified traéihe

head slid bod ' . . e y
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above the sl sk on an aira FervobezitifigCpebéedups oﬂgcgﬁbman

rotation. Th ti di,stance ween hea
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head-to-di sk ©f omgaerngore of the data stgnagdengdigks: t oAa s¢ave suuitege
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of the transducer assenbly Sgasbfdadd¥® with one known servo technigue,

‘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

15 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

aligmment of the read/write transducers over the centerline of

a track when reading and writing data to specified data sectors

20 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 is co-located with the targeted data

25 information ({and servo information may be taken from one,
single disk surface}.

In a further effort to increase disk capacity, a
proposed servo information format was developed, termed pre-
embossed rigid magnetic (PERM) disk technology. As described

30 and illustrated in Tanaka et al., Characterization of
. Magnetizing Process for Pre-Embossed Servo Pattern of Plastic
Hard Disks, I.E.E.E. Transactions on Magnetics 4209 (vol. 30,

No. 2, November 1994}, a PERM disk contains servo information

in a number of servo zones spaced radially about the disk.

35 Each servo zone contains pre-embossed recesses and raised
portions to form a fine pattern, clock mark, and address code.
_The flne pattern and address code are used to generate servo
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25 magnetic field or flux lines emanating fromthe nagnetized

| ocations of the disk. As the read el enent passes over the rotating
di sk surface, the interaction between the read el enent and t he
magneti zed | ocations on the disk surface results in the producti on of
electrical gi in the read el enent. The 30 el ectri ' I
correspond 'ﬁ)&%%i tions in the magnetic field. ' %m?ﬂp&f@.asg

EP- A-0 353 852 disclaoses that friction between a net qresistive (MR
head and the MM 1QN; §APRALF ace TO - JepgyaLe. t%e?ﬁ?%?es\}g PR3Bi 0§ n

the MR head,. mtgnétmzatimomdi%ﬁectbmsﬁ dhetm:tsaed:portmonseanmaﬂeonécéswl
fromthe MR hgatt pe oppo 1te. The%‘é‘ﬂettﬁ%%'ioﬁatﬁoﬁe%rsagﬁz Ve Brirst
generally enplo osed i contr ol yst ‘em for ‘positionin

t he act uat or M@ net:.zlng t e entire- d1s J.n one. d;rgct onm @shpgh-£fi
read/ wi%e tmagamktcer Thenm,s pecohvedtsomhgerimaieamisonseuetdamagxsewime

di sk. Dur i %&?&@ed’%{ﬁa%t ﬁhagﬁeséfﬁf:@ﬂwedﬂé&lmﬁ servo transducer

generally nDunte proxi mat e
While use of a PERM disk may. 1ncrease d:.sk capac1ty,

such an approach suffers. from a number of shortcomings. Servo
information is provided on a PERM.servo. disk .in a two-step
10 -  magnetization procesSg- as described above. This significantly
increases the. amount of time  required to  write servo
information to the disk. - Moreover, during the .second step of
‘the process, servo information is _.not_,.____.yet available on the
.disk. Thus, an .external positioning system must be employed,
: 15 thereby :mcreas;ng the cost of the servo. wrltlng process.
. Additional concerns associated with PERM dlsk technology '
include durability. : e BT
Finally,  the PERM dlSk, . 1il;_e o__th_er einb__ec_i__ded servo
techniques, still stores servo information in disk space which
20 could otherwise be used for data storage. As a result, PERM
. . disk technology, -although still at the research 1evel has not
been widely accepted by industry. L AR
There exists in the data storage system manufactur.tng
_ industry a need for a servo . -information, format .which is
25 inexpensive to provide and wh:.ch opt:.mzes the data capac;ty
of a disk. The object of the. present invention is. to address
. these and other.needs. . -

--Disclosure of Invention S . :
The present J.nvent1on solves thls object by a method
30 and apparatus for pos:.t:.onmg a. magnetore31st1ve (MR) head
Trelative to. a storage medlum in. a storage dev1ce. ..The storage
-medium is mounteqd. in. the . storage dev:.ce to allow relative
movement between the MR head and the storage medlum - The
. storage medium 1ncludes_;..servo_.;_in_forma_t_:.on p___:oylde_d .to ingduce
-35 a thermal response in the MR head. A controller oontrols ‘the
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fead/wite transducers, or, alternatively, incorporated as the
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relative movement between the MR head and the storage medium
using the thermal response induced in the MR head.

Brief Description of Drawings

Pig. 1 is a top view 0of a data storage system with
its upper housing cover remcved;

Fig. 2 is a side plan view of a data storage system
comprising a plurality of data storage disks;

Fig. 3 is an exaggerated side view showing a data

. storage disk exhibiting various surface defects and features,
and a thermal and magnetic response of an MR head to such
defects and features:;

Fig. 4 is a cross-sectional view of a
magnetoresistive element of a transducer shown in an on-track
orientation over the centerline of a track of a disk;

Fig. 5 is a top view of a disk in accordance with the
present invention; .

Fig. 6 is a perspective view of two adjacent tracks
of a disk separated by a track marker;

Fig. 7 is a top view of a series of tracks and track
markexrs of a disk:;

Fig. 8 is an illustration of thermal frequency
magnitude responses of an MR head as a function of the MR head
position over a track of a disk;

Fig. 9 is a block diagram of a system of components
for demodulating the readback signal of an MR head;

Fig. 10 is a generalized block diagram of the system
components for servo positioning an MR head using the thermal
frequency response signals of the MR head in accordance with
the present invention;

Fig. 11(a) is a view of a segment of a calibration
zone in accordance with the present invention, and Fig. 11 (b)
is a detailed view of a segment of a calibration zone;

Fig. 12 is a diagram showing the mapping of MR heads
to physical tracks for a cylinder;
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Pig. 13 is a block diagram of an’ 'apparatus for
extracting a thermal signal from a feadback'signalrinduced in
an MR head; _ '

Fig. 14 is a showing of ‘a readback. signal induced in

‘an MR head éxhibiting a distorted 'D.C. baseline;

Fig. 15 is a showing’of the readback signal of Fig.

" 14 exhibiting-a restored D.C." basellne after belng processed.

by a 81gna1 separatlon/modulatlon module; -
‘Fig. - 16 4is a block -diagram of a signal

' separation/modulation module for’ extracting a thermal signal

and a magnetic signal from a readback 31gna1 1nduced in an MR
head. R o :

'Fiq.217(a¥“is a showing of a therial signal extracted

" from a readback signal induced in an MR ﬁéadfat-aiparticular

track location, and Fig. 17(b) is a readback sigral obtained
from the same track location after AC erasure;

_ Pigs. 18(a), 18(b) and 18{c) respectively illustrate
a readback signal induced in an MR head, ‘a restored magnetic
signal component of the readback signal, and an unrestored

"magnetic signal component of the readback signal;

Figs. 19 and 20 illustrate the phase:-and magnitude
response of a finite impulse response (FIR) filter and a
windowed FIR filter used in-a signal.separation/restoration
module; oL e :
Figs. 21 and 22 is an illustration of a conventional
MR head; - - I S
Fig. 23 is ‘a showing of the magnitude and phase
response of the highpass filtering behavior of a. typical AE
module; I S B e -
Figs. 24 and 25 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 hlghpass fllter of
the AE module; - '

Fig. 26 is a signal flow diagram representative of
the inverse filter of Figs. 24 and 25;
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WD 97/ 24608 PCT/ US96/ 19945 read
el ement of the transducer, is typically enployed to read I nformati on
for the purpose of followi ng a specified track (track follow ng) and
seeking specified track and data sector | ocations on the disk (track
seeki ng) . -+ 5 WO 9724608 A servo witing procedure is typicapdyusssndnasent ed
toinitially record servo pattern information on the surface of one

or nore of the data Stormﬂ@ <h'ﬁli% a b&o&ﬁraﬂa&\ﬁxﬁ%f anothe%s%ﬁ%h%( F. oL,
aclilitate

|1 db t,
ihe Cranttor of EATURL BEPAFREfortlradfs ﬁ%l%aa%wevlﬁne@pﬁaxangtepaggfapgkg

during the nanm%%mlr@smrtmas@m) filter; In accordance with one
known servo technique, mqs. giedded (éﬁ’r\éﬁo@a&hgéa ol oFSBhs °§r1>§%&%%t%gp d

fromine 5 - GLEFeEent; °; REGRess oo cRUSMIS] SeRYEnBRL t or RSP ¢ feAonal
formed 15 besematim/ﬁaas:tmadmpngmeénlersf Ficadvitamdk. It is noted
' : Fig. 29 is a comparative showing of a restored
magnetic signal and thermal signal indicating the presence of

a bump on a disk surface.

.10 Best Mode for Carrying Out the Invention

Referring now to the drawings, and more particularly
to Figs. 1 and 2.' there is shown a data storage system 20 with
its cover (not shown)} removed from the base 22 of the housing
21. The data storage system 20 typically includes one or more

i5 rigid data storage disks 24 which rotate about a spindle motor
26. An actuator assembly 37 typically includes a plurality of
interleaved actuator arms 30, with each arm having one or more
suspensions 28 and transducers 27. The transducers 27
typically include a magnetoresistive (MR) element for reading

20 and a thin film magnetic head for writing information to and
from the data storage disks 24. The transducer 27 may be, for
example, an MR head having a write element and a MR read
element. The actuator assembly 37 includes a coil assembly 36
which cooperates with a permanent magnet structure 38 to

25 operate as an actuator voice coil motor (VCM) 39 responsive to
control signals produced by a controller 58. The controller
58 preferably includes control circuity 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 30,

30 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
plan view of an MR head slider 79 flying in proximity with the

35 surface 24a of a magnetic data storage disk 24. The d4disk
surface 24a has a generally varying topography at the
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that a servo sector typically contains a pattern of data, often

termed a servo burst pattern, used to maintain optinum al i gnnment of
the read/wite transducers over the centerline of a track when
reading and witing data to specified data sectors 20 on the track. The

servo mforrwbl ORichEY al so include sector ~and track "dﬁ}{’é.’g).%%%' on

codes whi ch aré used to |dent|fy t he p05|t|on of cer.

Enbedded servp off # cantly her track den5| ties_than
dedi cat ed ser%°r°s°°9%? r?ceé’esleré dj %?%HC&H § YREIRs ST tRcendehects.
t ar get ed ‘dat as@Sh as$ nd opit 122, (@ rislmegerdad ;i rdmrarrmurcﬁacsapobeioakm%fvom

one, 5198/ fadhetic HiftaGah. It has been detbfnfhddyEheCihObhcbPs

i ncrease di sk_capaclt.y,.

opose ervo In or mat
devel oped, tetRab e thema]enﬁg§ B?'d Rt ?’@n?PI#&/) chpages as a
t echnol ogy Afunlesiton befi 8he spacichg,i Idem:ttleatbgf the parzamkserecy, Bétween

Char act er | ZatAQnMRoelemenﬁaWQ?fsﬂkﬂé e HREwD s Bhe BINRSHALESEL P1a.

Pattern of Plastic Transact.i ons
4209 (Vol . 3(Head-to-qjs ?PW&PW%HES‘A“P@M%W“@&%& ﬁ§a§§¢%oln
infornmati on heat ummfwbetweénsmamememenomdnﬁadisklMabeuﬁstﬁeat

disk. 35 FoflnSfly bIAREIN 80 AAABPICtE CERARAANL L 06 e

portions to forma ern and a '
fine patPern @hemenfr28s C'Bﬁ'@%‘%}éeemgﬁe?né?‘&t gmsg,lﬂgent 78 result in
R®095- 083P corresponding changes- in' the electrical ‘resistance ‘of the: MR

element 78 and. therefore. the output voltage of the MR element

As " the "'inStantaneous' ""‘--he-a'd="to4disk ---""spacing ()

15 increases, there results a corresponding increase in-air space
'~ insulation ‘betweéen the MR head ‘80 and the disk-surface 24a,
thereby" éausing ‘an ‘increase in the ‘temperature of the MR

. element 78. This t':'emp'erature increase in the MR element 78
results in a corresponding increase in the MR ‘head 80

200 resmtance due to-. the posit:we temperature coefficient of the
MR element material t_ypically u_sed to fabricate the MR element

' 78. Permalldy, for example, is ‘a preferred material used to
 fabricate the MR element 78 and demonstrates -a’ temperature
‘coefficient “of +3x10-3 A C An MR head 80 -bas-'sing over a

25 bump 124 on the disk surface 24a, by way of ekxample, results
' in 1ncreased heat transfer occurnng between the MR ‘element’ 78
- and the d:lsk surface ‘24a, thereby caus;ng cool:mg of the MR
element 78. _ Such cooling of the MR elemeént 78° causes a
decrease in the MR elément 78 reS1stance Whlch,' in turn,

30 | results in a corresponding decrease in the voltage v,,, across

_ _'the MR element 78 at a constant bias current.__ o
It can be seen by referring to the p1t 122 depicted
on the disk surface 24a that the thermal voltage s:Lgnal Voy 119

.. across the MR element. 78 1ncreases in amplitude as a function
-39 of increasing head.to_d:.sk_..separ,ation. distance _(.x}:___. It can
further be seen by referring to the bump 124 depicted on the

-8-
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.anformation signals. To generate the servo signals, the )
magneti zation direction of the raised portions and the recesses nmust
be opposite. The magneti zati on process involves first magnet i zi ng
the entire disk in one direction using a high-field 5 magnet. Then, a
conventi onal woprmeéscad i s used to magneti ze t he rai seOT/HBIA9945N t he
opposite direction. Simlarly, EP-A-0 590 676 discloses a storage
medi um i ncl udi gpeipr glidfadesed® that thdéf ehEBMADNvoltage signal v, \Wiibe
use of a PERM disk may increase disk capacit 10 such an approach
.suffers from LBEHARTCHATSABPLEBWIGRS 2 'éé‘ﬂ‘\?é{‘m of deckea7ing iherd-§o-disk
provi ded on. a g¥fidHeiow diskahBed tVWhé! €Rermal sidghgletdorion@nt) Of €the

as descri bed above._ Thi s. si.gni fi,cant . .dncreases ..t unt_, of

time requi redrachba%ﬁ:eg %;‘rvtohereé&e'i rﬁsorlr%&?aocﬁ' fagl tﬁ?efl&%"?%%ﬁbfégggﬂﬁ
during th® sectdtat siaspbef ussd totdetertddus presensei andrrakitdive nagoityde
avai | abl e on the t:opo% fHtcall RidYiatl oBst €hNEhe POSHE A IJH a5 YalgR@:TeS Babg

enpl oyed, t her eby. i.n asing the cost of the servo witing process.
Addi tional corftEPiRIGS g":'d wi th PERM di sk t echnol ogy i ncl ude
durability. 20 Also Bhownl in Rigs PERR alimaigneltigespading adignddedi2l
servo t oY BHIURS Bddd lcondlt8ontlr ¥8 bBIPEEFEA®td Naislt iDR3CEnVEheh

coul d Otﬂ? rw S:fis 'S suvfre acf:é) rzfé" t a ﬂoaggebeAsse%nr %?lgltt tthll?t'glgnetic spacing
-8ignal 121 incorrectly indicates the presence of some surface
features, such as magnetic voids 126, as variations in the
topography of the disk surface 24a. It can further be seen
that the magnetic spacing signal 121 provides an inferior
15 indication of other surface features, such as bumps, when
compared to disk 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
20 - information regarding surface characteristics of the rotating
disk 24. 1In accordance with an exemplary embodiment of the
invention, servo 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 80. As will be appreciated from the
25 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 previocusly used for embedded magnetic servo

30 information).

Turning now to Fig. 4, there is shown an illustration
of an MR element 78 of an MR head 80 oriented over the
centerline 51 of a track 50. The MR head 80 may be a type used
in conventional d&ata storage systems, thus promoting the

35 employment of the present invention in conventional storage
systems. As the MR element 78 passes over the track 50 of the
rotating disk 24, magnetic transitions developed on the disk

-9 -
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di sk technol ogy, although still at the research |evel, has not been

w dely accepted by industry. 25 : There exists in the data
storage system manufacturing i ndustry a need for a servo information
format which is I nexpensive to provide and which optim zes the data

capacity - di sk. The obj ect of the present inventi t 0 address
t hese and ot‘w@?%@d Di scl osure of Invention P@rm?mlms The

pr esent |nvent|on sol ves th| s object by a method . | and a par atus for
posi ti oni ng a2fad@vafgcesi Sefuwit (MR) theadproducticn apfva t¥e QJt agdanadi um

in a storage grgueed Ihe tHedrMlchead  80UEdiBYN W&y NBENleddmpl et A IIEB06E
devi i ' ” Thtihl EABI&HS chb rolBEDE Y iS5 bR (b 5 BhR120°

. In Fig. 5, there is illustrated an exemplary disk 24
5 having pre-embossed or ‘stamped track ‘markers 108 and sector
markers 106 for providing servo information on the disk in the
form of surface profile variations, e.g. head-to-disk spacing.

The disk 24 is provided with concentric data tracks 50 used to

store dat.a.’ ‘Bach data track 50 :may be partltloned into a

10 series of ' séctors 52 1dentified by sector’ markers 106.
' Adjacent data tracks 50 are separated by track markers 108.
‘The .t-rac'k markers 108 and the sector markers 106 are formed as
irariations-_'_in’ the 'disk 24 which can'be identified using the
thermal component of the MR head readback sii;‘nal—-.?:i' As best

15  shown in Pigs. -6 and 7,  the ‘track markers 108 may be
circumferential - ‘grooves ' providing . head-to-disk - spacing
variations between adjacent data:'tracks 50 and the sector
markers 106 may be radial. grooves providing head-to-disk
spa'cinq variations between adjacent sectors 52. As described

- 20 - more fully below, the track markers 108 and sector markers 106
are used to provide servo information. - The disk ‘24 is also
provided with a calibration zone 110 and an index: marker 112,

‘which may be formed by a closely spaced pair of -sector markers

106. The purpose of - the calibration zone 110.and- the index

25 marker 112 will become apparent ‘later. LT :

"As shown in Fig. 7, the: data tracks 50 .of disk 24 are

providéd with serrated edges 50m and 504 correspond:mg to the:

inner diameter  (ID) and outer diameter (OD) edges of the track.

For each track, the -ID edge 50;, serration has ‘a different

30 serration frequency than the OD edge 504 serration in order to

~ * -provide radial dlrectz.on servo information. The serrations may
have the shape of a square wave or a s1nuso:.da1 wave. The
serrations may have frequencies £, and £, - which differ by a

- factor of two, though it should be :appreciated  that the

35 - serrations may have a multitude ‘of different f'requencies
"provided each track has edges  50,, and 50, at "different

" frequencies. The serrated edges 50, and 50, of the tracks 50
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may alternate in serration fregquency, as shown in the
illustration. For example, some tracks 50, referred to as odd
tracks, may have an {(ID) edge 50;;, at serration frequency f, and
an (OD) edge 50, at serration frequency f;. Wwhile even data
tracks 50, would have OD edges 50, at frequency f1 and ID
edges 50,, at freguency f£f2. By =alternating the serration

frequencies of adjacent data tracks 50, the serration edges of

adjacent tracks 50 correspond. This makes track markers 108,
which separate adjacent tracks 50, easier to detect, and the
disks 24 easier to manufacture.

Furthermore, the serrations may be aligned radially,
i.e. the serrations may be spaced further apart as one moves
radially outward. This would be useful in a constant angular
velogity system as the serration frequencies relative to the
MR head 80 would be constant over the entire surface of the
disk 24. 1In addition, the number of serration cycles around
a data track 50 may be a power of two such that data storage

. 8ystem oscillator frequency can be divided to exactly yield

each of the serration frequencies f, and f,.

In Fig. 8, the frequency magnitude responses t(f,)
and t(f;) of the thermal component of the MR head readback
signal are illustrated as a function of the position of the MR
head 80 over an even data track 50, i.e., a data track 50
having a freguency f2 at ID edge 50, and a frequency £, at OD
edge S0,,. When the MR head 80 is positioned over the center

51 of the data track 50, the thermzl freguency magnitude

responses t{f;) and t{f,} should be near zero. As the MR head
8C moves off toward the ID edge 50,, of an even track 50, the
MR head 80 senses the edge serrations and the thermal signal
t(£2) increases. Similarly, as the MR head 80 moves toward the
0D edge 50,, the thermal signal t(fl) increases. It is noted
that as the head continues to move off-track, the thermal
signals t({f,) and t(f,) plateau. As described more fully below,
by examining the frequency content of the thermal component of
the readback signal, the off-track direction and magnitude of
the MR head 80 can be determined and an appropriate control
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signal prov:.ded to position the actuator 30 over the centerline
of a track. o :

T It should be appreciated ‘that thé thermal frequency

"'magnitude responses t(£,) ‘and t(fz), from which ‘the servo

information is obtained, are derived from periodic changes in
the spacxng between ‘the disk 24 and the MR head ‘80. = In the
illustrated embodiment, the servo 1nformaticn is obtained from
sensing the changes in the" thennal frequency response that

- result from the MR head 80 - passing over- serrated,

c1rcumferential ‘ grooves. The change in disk -to-head spacing
could alternately be’ accomplished by providing elevated

- portions ~ betweén thé tracks.  However,  in & typical

env:.romnent. groov'es" are preferred ‘because * they permit

' operat:.on of the storage system 20 with minimal spacing between

MR ‘heads ‘and data - tracks. In alternate embodiments of the
present invention. s’ér'vo ) information is derived from other
vanations in disk characteristics “which can- be reflected in

‘the thermal component of the _readback ‘signal. For examp]_.e. the

track markers 108 could”differ from the data tracks 50 in
thermal emissivity or other parameters which can be reflected

" in the thermal ‘component. - -Similar variations in disk
‘characteristics’ can be used for the sector markers 106.

Turning to Fig. 9, there ‘is‘illustrated an’ ‘-exemplary

* bloék diagram ‘of” a system of components for ‘demodulating a
" readback signal and generating servo positioning control
' signals * 221 and  223. Although the demodulation system

111ustrated in Fig. 9 is 1mp1emented as ‘a digital system. an
equivalent ‘analog Systeém may also be used.
' In operation, the demodulation system amplifies the

readback s1gna1 81" obtained- ‘using ‘the. MR head ‘80.  The
' ampl1f1catlon may be done, for example, by using an Arm

Electrorics (AE) module 202. The amplified readback signal 203

“is sampled by sampler '204 at a- sampling raté to produce
" readback ‘signal _205. A typical sampling rate will be in excess
‘of 100 megahertz (MHz). - The sampled readback signal 205 is

provided to the data channel for normal’ processxng and also
provided to a track crossing detector 230 for purposes to be

-12-




-4/ 1- WO 97/ 24608
PCT/ US96/ 19945 rel ative novenent between the MR head and the storage
medi um using the thermal response induced in the MR head. Bri ef

Description of Draw ngs Fig. 1is atop viewof a data
st or age syst erwamuhsoH Its upper housing cover renoved; PCT/US96/19945
Fig. 2 is a side plan view of a data storage system conprising a

plurality of dag@setibéde nér@idafter. The readbadk Iilghadl 2YIGY ahedo
side view show Bgoéiggé %o a filter 206, e.g., an inverse infinite impulse
' response (IIR} filter, to compensate for +he high-pass filter
. in the AE module 202. The output signal 207 of the filter 206
-5 is passed through a filter 208, e.g., a moving average low-pass
finite impulse response (FIR) filter, to recover the thermal
component. of the readback signa:l_.. The output of filter 208 is
. Provided to a heterodyne demodulation circuit 210, which
- detexmines whether thermal frequency magnitude components t(f,)
10. and t(f;) of the readback signal 81 exceed their respective
threshold values t, and t,. The operation of the heterodyne
demodulation circuit 210 is more fully explained hereinbelow.
During a read operation, the signal 209 received by
the heterodyne demodulation circuit 210 is provided directly
15 from filter 208. However, during a write operation, the write
element generates heat which is transferred to the MR head.
The write head-to-MR head heat transfer distorts the thermal
component of the readback signal. The dynamics of the write
, head-to-MR head heat transfer may be approximated by a first
20 order lowpass filter transfer function. The distortion caused
Ly the write head-to-MR head heat transfer may be substantially
reduced by passing the signal leaving filter 208 through an
adaptive inverse filter 240 having a transfer function inverse
to that of the lowpass filter transfer function. A signal 233
25 indicative of a read or write operation may be provided to
selectively couple the adaptive inverse filter 240. For
example, during a write operation, the signal 233 may be used
o couple the adaptive inverse filter 240 such that the signal
leaving filter 208 is passed through the adaptive inverse
30 filter 240 prior to being received by the heterodyne
demodulation ecircuit 210. During a read operation, the signal
233 may be used to pass the signal leaving filter 208 directly

to the heterodyne demodulation circuit 210.
. The pole location of the adaptive inverse filter 240
a5 transfer function may vary between MR heads. The pole location
for a given MR head may be estimated by using the thermal
cooling response of the MR head after a write operation has
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storage di sk exhibiting various surface defects and features, 10 and a

thermal and magnetic response of an MR head to such defects and

f eat ures Fig. 4 is a cross-sectional view of

a magnet or esi stive el enment of a transducer shown in an on-track .
orientation_ogver the centerline of a track of a disk; 15 Fi g.
5is a top %Ma di sk in accordance with the preggﬁf!’s?m%mn
Fig. 6.is a perspective view aof two adjacent tracks .. of a disk

separ at ed by ®"eRCRAar |BAT example, the ' COORipg guryeamaypbf &y imple
series of traidtaydnd t eRpéneAtialandaits af- gislé Skionstant which cafi e 8

ead as o 1 useeniaed TEoiRene; BIHE"TY caxes, ERE GoIEng TS FEg ipdih

Fig. 9is a lﬁRR?P"dF‘é@P&H\ 3f- §*sy§t-§m'o1e conp&feﬂwt ©bsits mﬂimmmq ng
the readback 1%iegBameotoastdit hendpole location valudihiéll isSthe OBiwEdd zed

bl ock 1 agr Ly Ne 5 Ukl e, nE0DE A Ral fﬁrxftwm{ Qe eI

head using t cy response signal s of
accor dance wianid stored hinppae O \APReSHH; MemEry  (RAM) . '~ The qadapyive i s

a view of a Jegisrele Qﬁl&eﬁai4®rﬁfan§fer funcZO6R mdly sl %&nﬁgdm;éa baked

present | Vel Qe Wthd | dbnsthk) of sne ', H W 1Lk ok SIS ©f

a calibration zong, g 1'agr dm s
mappl ng'1 f WM@r func“—ﬂgnpﬁ?sﬂéﬁla apfeive fiave;se/ﬁhasr 240 for each

MR head may be updated over time to account for changes in the
write head-to- MR head  and ‘MR head-toidisk heat transfer
_ dynamics which may result from’ debris collect:.nq on the heads.
' 'rhe adaptive ‘inverse filter 240 thus restores the
15 distorted thermal ‘component to " that: which would be présent
: during a read operation. Using ‘a readback s1gna1 hav:.ng its
thermal component restored by an’ adaptive inverse filter 240
‘as an input to ‘the heterodyne demodulation circuit 210,
‘decreases track misregistration (TMR) - during writing.
- 20 Moreover, the continuous nature of the servo position sensing,
~i.e., sensing d.uring both read and write operations, - elimnates
the need to use accelerometers or: other external’ sensors to
monitor shock and vibration in a ‘drive.- A o
‘The heterodyne - demodulation circuit 210 comprises
25 first and 'second multipliers 212 and 214, filters 216 and 218,
' ' and first and second comparators 220 and 222.° The heterodyne
demodulation circuit ‘210 ~extracts -the - thermal  frequency
'magn'ituae response signals t(f,) and t(f,) from’signal 209 and
compares these Signals to threshold-values t, and th ‘to generate
30 servo pos:ttioning control- Siqnals 221 and 223.°
' © In operation, the heterodyne demodulation circuit 210
receives signal 209 and provides ‘it to ‘first and second
multipliers 212 and 214.  Multipliers 212 and 214 multiply the
readback &ignal '209‘" | with two or more divided oscillator
35° signals 225 and 227, respectively. The oscillator signals 225
o and 227 may have - waveforms “and frequenc:Les similar to the
serration frequencies of the serrated ‘edges generated when the
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Fig. 13 is a block diagram of an apparatus for extracting a thernmal
signal from a readback signal induced in an MR head;

Fig. 14 is a showi ng of a readback signal induced in 5 an MR head

exhi biting a wostasdeed D. C. basel i ne; Fi g. 15PCrusseiomisi ng
of the readback signal of Fig. 14 exhibiting a restored D.C. baseline

after being pracigﬁaeﬁh are Btat el ﬁﬁafaé&ll)%’;f&éd)m m@uﬂnaitwu@ﬁwlzqz 214
Fig. 16 s éaglo / duI atlon

.modul e for ext PHEPPﬁg ségf’ﬁgﬁgrrgg |§ﬂ§l 218" G h?‘r’éﬁn

readback si gnakompdoentsiat firegrencieshéadnd £;, reSPECtlvelyH gslglma(lag 2|1§ a
showi ng of a tEﬁ&”ﬁisSéﬁéaio@)ﬁa{sa&tﬁ(itered bi! ?ﬂlé‘et’@@i@%&'ﬁ@'
Irgaggag/s ﬁgga?t B%Fg?%édthe qquh frequéggjlf( clzoqua(;[rle%gs o%ds.tggal Zﬂj )ands 2%5
to generate low frequency thermal magnitude response signals
t{f,) and t(f,), designated 217 and 219, respectively. Thermal
‘gignals 217 and 219 are provided to comparators 220 and 222,
" for comparison with threshold values t, and t,.
-10 As best shown in Fig. 8, threshold values t, and t,
" eorrespond to the threshold amplitudes of thermal signals t(f,)}

and t({f;) at which an MR head 80 has moved off-track and should

° be repositioned. It is noted that threshold values t, and t,
' are predetermined values for each MR head 80 and are stored in
15 a random access memory {(RAM). The threshold values t, and t,

are determined in consideration of differences in thermal

gengitivity along the width W of an MR element for different

MR heads 80 and may be different for different MR heads, as

discussed more fully hereinafter.

20 ' Comparator output signals 221 and 223 from

" comparators 220 and 222 may have s logical value of 0 or 1.

When the MR head 80 is centered over a track 50, both outputs

221, 223 may assume a logical value of 0, for example. If the

thermal frequency response signal 217 exceeds threshold value

‘25 t,, then comparator output signal 221 may assume a logical 1.

Similarly, if signal 219 exceeds threshold t,, then comparator

: output signal 223 may have a logic of 1. If signals 217 and

219 have freguency components at serration frequencies £, or £,

below their respective thresholds, then both comparator outputs

30 221 and 223 will be zero. As described hereinafter, comparator

outputs 221 and 223 may be used by a track follow servo control
gystem to control the position of the MR head 80.

Referring now to Fig. 10, there is illustrated an

exemplary servo control system using comparator signals 221 and

35 223 for servo positioning the MR head 80 over a data track 50.

The servo control system includes a servo demodulator 200, a

read/write (R/W) controller 340, a seek controller 302, a

-15-




fromthe sanme track |ocation after AC erasure; Figs. 18(a),

18(b) and 18(c) respectively illustrate a readback signal induced in
an MR head, a restored nagnetic si gnal conponent of the readback
si.gnal, and an unrestored 20 magneti c signal conponent of the readback
_ f;gnal ek- 2'&%&@ _ _F:gs. 19 and 20 illustrate the phase and magnitude
ponse of g, £ i npul se response (FIR) filter and a p {gagoved
FIR fllter useg+|n a signal. separatlon/restoratlon L nnéﬁrgﬁwgS

0 031 SRR s R e P b glBriend o
"hi ghpass filt206ngt bestaant agcoadtygdggﬁ .and 310,48 gulgpplier 312, a
Figs. 24 and 35&8%%%&51’5@13@ Q dQ@iJQél Waﬁélbb&:onvertemgmkcmdmand
phase response of the, hi Iterln VI I '
nodul e and- anaPﬁv%rQEPY?gt 6}’shav#f’g $] FL Retnct °§ﬁ£¥%v§?sef¥b
that of Bhe eptevidem bighphsMY itq ézheofser\'o COtlﬁEOJ\ES%H%‘F‘e egg. to the
g} 9 sg | 5 4aa§§gg§| adhGth th @ 20r.ePEegRA1 341 My be used! Bo toNEESE Ehéter
type of operation-or mode, €.g. read/write, or track follow,
seek, oOr settle,,.pur;pg,treck following, for example, the
.. comparator output signals 221 and 223. control-switches 320;:and
- 10 - 322, respectively, for. coupllng dlgltal values .+I, and -I, to
the adder 310. . When comparator output. 221 assumes -a logical
1, switch 320 is confiqured to close ;80 that. the value +I, is
provided to the -adder 310.  Similarly, .the value -I, is
_ - provided to the .adder 310, when the comparator output signal
i 223 aesumesga_logloa;,l._ The. digital values +I,.and -I, are
provided as. pulsed injection values to control: movement of the
. :actuator. . If both qpmparator_outgutisignels_zgl_qnd 223 are
zero (0), both switches 320 and 322 remain open and no pulsed
_injection. is provided to the adder 310. It is noted that, if
20 . both comparator outputs assume e logical 1, there is an error
and the comparator outputs.can. be ignored.. . - o
L . The adder 310 sums_ the pulsed 1nject10n value +I, or
I, -if any, with a feed-forward generator (FFG) ‘value 307 and'
oo provides. the summed 81gna1 311 to the servo compensator 318.
25 It is noted that though the adder 310 is configured to receive
signal 313, this signal may be ignored or not provided in track
- following operations as it;isgprimarily_used in track seeking,
as. described below. The FFG value 357 represents MR head axial
.. offset. and track runout as a functlon of disk 24 rotation- -and
30 is provided to the adder. 310 by the feed-forward. generator
(FFG) 306.. The FFG 306 stores the predetermined MR head 80
axial offset and track runout for each MR head 80 of a storage
.device in a Random Access Memory (RAM)., The track runout and
_ head offset for.each MR head 80.may be determlned using a
35 .calibration procedure set forth helow.dh__{ o : :
The servo compensator 318, tzpicaliy a micro

processor, processes signal 311, and, taking into account the
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Fig. 27 is a block diagram of another enbodi nent of a signal
separation/restoration nodule enploying an inf inite i mpul se response
(IR filter; Figs. 28 (a) -28 (c) show three vvaveLorms
produced at L .f erent processi ng poi nt's wi t hi e

si gnal 'sepz;ra ron/restoration nodule of Fig. 27; and @mmsgmlms 4
Fig. 29 is a cqnmparat,ive show ng of a restored magneti c signal an
thermal signal P& &t i9ta neratlesefcelof- ©dd OF BY®H 0FCRSTRERE sBr SRTVO

10  Best Mbvde pomit@anipgngodtiroihesilgnadntilen The control sifWAEr BLBY iROW
to the drawi t ] | Vs 0.Ei , .
0 the draw nggonRiadtER’ ﬁopﬁle oéf\?méjjfﬁé é’lgnalI t331% b¥ gﬁ?nﬁo?égﬂ%%m 3&%1?”1:%\}@. ed

shown a data storage system ) , cover (n
fromthe base 32 & et‘l’lélﬁﬁﬁs?:‘rﬁg' which jn re$RORAR PLOVLE§easGUrrgRR@E17 to

typi cal | y 5 ncl ntiesvoiiee ccotbmotbr (VCMYi 3D dat movkothgadctiwtesr2dowWhiih this

' : . Lcal l
ncludes a pl oFarrey” opoveRlent, of L2 o et I00r s PRECho o a0 TRER s

havi ng one or MBrbead 80 fgijews®srgivers dadad tracknblucers 27. The

transducers 27 . The servo control system may also be used for track
_seeking, i.e. moving a MR head 80 to a location over a
10 specified track 50 of a disk 24. In a track seeking operation,

the servo control system uses the velocity difference between

an estimated radial velocity of the MR head 80 and a desired
radial velocity to generate a signal for controlling the radial

. velocity of the actuator arm 30 and thus the MR head 80. For

1s example, if the estimated velocity is less than the desired
velocity, the servo compensator 318 generates a signal to

increase the radial velocity of the MR head 80 by increasing

the rotation of the actuator arm 30. Conversely, if the

desired MR head B0 velocity is less than the estimated MR head

. 20 80 radial velocity. the servo compensator 318 generates a
signal to decrease the radial velocity of the actuator arm 30.

The seek controller 302 generates an estimated head

velocity (EV) signal 303 which is subtracted by adder 308 from

4 desired head velocity (DV)} signal 305 generated by the

25 velocity profile controller 304. The velocity difference (DV-

EV) signal 309 is multiplied by a velocity gain +K or -K in

multiplier 312 and the product 313 is provided to the adder

310. The seek controller 302 may also provide a seek direction
signal 300 for use by multiplier 312 to determine whether

30 velocity gain -K or +K is used. The adder 310 adds the

velocity difference signal 313 to the feed-forward generator

{(FFG) value 307 and provides the sum value 311 to the servo
campensator 318, which processes the value 311 and generates

& servo positioning control signal 319. Control signal 319 is

35 converted to an analog signal 315 by the DAC 314 and provided

to the driver 316. The driver 316 generates a current 317 for

the vCM 39 of the actuator assembly 37, thereby increasing or
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typically include a magnetoresistive (MR) el enent for reading.20 and a

thin filmmagnetic head for witing information to and fromthe data
storage disks 24. The transducer 27 nmay be, for exanpl e, an MR head
' having a wite element and a MR read el ement. The actuator assenbly
. 37 includes_a coil assenbly 36 whi ch cooperates with a permanent
magnet struowoew24888to 25 operate as an actuator voi ce coPCTIEs6019946\/CN)
39 responsive to control signals produced by a controller 58. The

controll -er decrb8spnef en’e.bi—adiarmlwﬁxmmdfoltrm MRIiHead leat s@&.&ﬁltn&h%s

E:ggper t’it es V\A f ?ﬁgg\/&aéli O m)eef -r. e ac q€t£n§t éaggsgéggae gblggs |t8ﬁs

28, and transd§§ér§52¥0¢@tm@scr| bed track 50 and * -~ ~“sector "52 |ocations
when readi ng and ertl nghélajdek eoatidoliem 302 gen@iﬁt‘ébsﬁﬁe%‘stlmated head

head Sii er 7SCEPETRY BY (PEAHED R EiBechetuttn meadhd b il 81, O
dat a storage @FQRBQHC CO!I'@@HGIIEkdIOPOHGSIrfHhéCD4QCI$§§ &sgcthe MR yheady8Ag
topography at phBSes over the track markers 106, and dividing this ‘time into
' the fixed track pitch using ‘oscillator pulses. 'I‘h1s velocity
estlmate may be - further refined by compensating for the track
1'0 _ runout of the MR- head 80. Such further reflnement may be done
" at ‘low héad velocities, Ffor ‘exampleé; when the MR head 80 is
settllng onto a specified data track 50. "It is noted that the
' estimated velocity may also-beé determined using thermal
| component peaks which, similar to magnetic dropouts if the disk

15 24 is magnetlcally recorded, otcur over-track markers 106. The -
'magnetlc components, however. prov1de a hlgher s:.gnal to-noise -
ratio. ' ' ' : : o :

" In addition t'o-f estimating MR head 80 velccity, the

seek controller 302 keeps account of the track number of the

20 current data track over which'the MR head 80 is positioned and
" also counts data track crossings. ' Data track crossings are
counted in a track crossing detector-230, as shown in Fig. 9,

by amp11tude detecting the thermal component peaks or the
magnetic component dropouts in the readback signal which occur

25 ©  as the track markers 106 are traversed by the recording head.
~ Bach time the head crosses a track marker 106 a pulse is

" generated on line 201 at the output of track crossing detector

© 230. The seek controller 302 uses current’ track number and
track counting to determine the dif ference between the current

30  data track number over which the MR head 80 is positioned and
' the targetéd data track number which ‘the MR head 80 is seeking.
This track number difference 'is referred to as the number of

' tracks-to-go (TTG) and is provided by the seek controller 302

to the ve"locity' profile controller 304.. "~ During a seek

- 35  operation the seek controller 302 counts track crossing pulses
present on line 201, and ‘continues to update the TTG count
signal 353. As the TTG signal approaches zero, i.e., as the
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m croscopi c | evel, and often includes various surface defects, such
as a pit 122 -a bunp 124, or a surface portion' 126 void of magnetic
material. It has been determ ned by the inventors that the thernmal
response of pdddsbpgad 80 changes as a 5 function of'the BEMC$9699945
denot ed by the pararreter y, between ~an I\/R eI enent 78 of the MR head 80
and the disk g4 %@rs the } ’E'Q?QeEO %aa@.%cfﬁ:%uhhck@ases
conconmi t ant changes In trans etvveen | ement 7

.di sk 24. Thi s 58@3dly andg @ﬁs@%?“?%l@qrﬁlaﬁagl ?EFE‘H‘ oﬁ'f"'r‘h & ﬁ@tt%e mode
t enperat ure ofwidre MBel@rackl €orhbwifig ddmudelataor eouwtprge22ihaniiR2eBemant

78 result in pel %[%hm %tﬁpeﬁﬁﬁeﬁ:fa'&kt *a:%o%' %gr ag%ﬁi%ahpgﬁesomhe

VR ©oel errerﬁ fore e out put volta

78. - B Velocl% eREimakiont ancBee Swideh otai settdeaciede may 1be

i ncreases, thafrdggesed 9 fa TOQ HeShIdWNg cegtaisccbint]resgacerTe < 1 - 2

i nsul ati on bett" gt he MR head 80 and the di sk surface 24a, t her eby
causing an increase in the tenperature of the M el ement 78. This
tenperature. i ncrease i nThige MeROSiENeRrof8le contrailer s304 nrecedyeespoRBEng

increase in. tgignR Peadal udbks itesbSde@mitie the Eéglﬁéﬁliémﬂwr ehdr e
coe f ;C'fqﬂ O Hoaa 80 M ShETELL:PEA HUSh SURLERL) Vb oqdben R £RLE LN

relationship between the desired head velocity and TTG. This
relationship is predetermined and may be stored in a look-up

table in RAM coupled to the velocity profile controller 304.

_ , The servo control system advantageously provides
15 continuous servo control as the thermal component of an MR head
80 can be sampled concurrently with the magnetic signal
component. Unlike traditional magnetic servo techniques,
-thermal servoing can reach sampling rates in excess of 100 KHz.
.The higher sampling rates of thermal servoing provide for

20 smaller actuator coil currents. Moreover, due to the
mechanical inertia of the actuator, these small currents are
integrated to produce very smooth motions, thereby reducing

- . actuator jerk. The finer actuator control allows for higher

. track densities (approaching 16,000 tracks per inch for a dual

R 1 actuator) and significantly improves the detection of shock and
vibration in a disk 24. In addition, for predictive failure
analysis (PFA) purposes, any defect on a disk 24 which might
potentially create track misregistration (TMR) can be detected.
Similarly, any random MR head 80 modulation, e.g., modulation

30 caused by an MR head 80 that is not lifting off the disk 24,

can be detected.

Tt is noted that using pre-embossed disks 24 requires
that the servo information be formed on the disk prior to
assembly into the disk drive. When multiple disks are used,

35 the alignment of servo information from disk to disk must be
taken into account. For example, due to mechanical tolerances
in the manufacture of the disks 24 and the mounting of the
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78. Permalloy, for exanple, is a preferred material used to [

t he I\/R el ement 78 and denpbnstrates a tenperature coefficient L?bigcite
10[err]/[err]C. An MR head 80 passing over a 25 bunmp 124 on the disk
surface 24a, by way of exanple, results i n increased heat transfer
occurring between the MR el enent 78 and the disk sur

t hereb
causi ng cooM%724608t he MR el enent 78. Such cool i ng;gfﬁ?%’é% Y
el enent 78 causes a ~ decrease in the MR el emrent 78 resistance which,
inturn, 30 aiseul2s im & swragpdaics, deachaddskn’ 2t4héfk/c§-|hteag’ésb‘[ S3ck

acr oss t
‘It can be seen{a a"é YR £ 6T ent écé@ﬂ@i‘ﬂﬁ\it}blw Aot . In’ additlon.

referrln to.the 122 d
surface 24a t™eR a(rﬁé;atlhéP aVSFfa‘&jgﬁs gﬁlﬁlegifgets Bddkn across tyﬁze MR
el enent 78 i rosamdss 89,1 Mraml at udblw@dmpe'pceﬂuss is greedgd; e dekprmine

head-t o-gli sk t
Ceferri n%' A ffdﬁ%ﬁda‘i“ d‘i'si %Flgtsuéy)mn HdadCakial offbétsheandercanaridnal

- 8- posztion alignme t dJ.fcferencg(sa w1th respect to the rad1a1 index
markers 112.

Po calibrate and ‘format disks 24 in a storage device,
. 'esach disk 24 is prov1ded ‘with an annular calibration zone 110
" 10 - which can be 1ocated anywhere on the'disk 24, for example, at
' the outer dismeter’ '(OD) ctash-stop Of the disk 24 or at the
‘jnner diameter (ID) crash stop of the disk. 24. ‘The calibration
zone 110 must have a width at lgast as 1arge as the worst case
‘eccentric:l.ty of the disk 24 plus ‘the maximum MR head axial
15  offset. An exemplary width is 32 tracks. -
R ~ 'As jlluostrated in: Figures  11(a) and 11(b), the
 calibration zone 110 consists of a repeating Gray code pattern,
which may be equally spaced and have six ‘to eight bits. The
' Gray code pattern may ‘be’ ‘interlaced by blank space or by
- 20° frequency patterns 384 and 386. The gray code pattern 382 and
~ the frequency patterns 384 and 386 consist of variations in
- disk characteristics, which may be thermally readable. In the
illustrated embodiment, the gray code pattern 382 iis encoded
" as embossed depress1ons and ‘the frequency patterns 384 and 386
- comprise radial grooves. The MR head 80 will thermally respond
' 'to a depression or groove with a posn.ive spike- 1ike signal.
' It is noted ‘that patterns illustrated in Figs. 11(a)
" and 11(b) have a ‘linear density on the 'disk -such ‘that their
frequency at a rated disk velocity is commensurate with the
30 °  frequency range of the thermal ‘signal. FOT example, while
magnetic frequencies are typically on the ordér of 100-200 MHz,
" the thermal’ frequencies are s1qnif1cantly less, e.g.., the
patterns may have a frequency of 100-200 kHz. :
B A segment of an exemplary ‘calibration’ zone 110 is
35 {11lustrated in Pig. 11(a). ' The segment shows eight tracks
©© " jabelled n-2, n-1, n, f+l, n+2, ...., n+5, a four bit Gray code
labeled {b,, b,, b,, by}, and frequency patterns 384, 386. The
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surface 24a that the thermal voltage signal v[err] 119. decreases in
anplitude as a function of decreasing head-to-disk separation

di st ance. The thermal signal conponent of the readback signal,

therefore,. i sydodgds an information signal 5 that can beﬁ%’&ﬁ’ggt ect
the presence and relative magnitude of Ejppogrziphl cal varratrons lAInso
Shown i n Fr g 454V e WbRtA may be SEPLASR o3/ 2 Erackigrzs toen with
conditioned to k6% rtzaanmd:iid_thvalfifaptr:]onarérﬁémrﬂa?;ed dblysﬁ .Str.lrﬁgf.t iillﬁ, ij}l. ]
TR prosance o 5opamuaR HerBRSEy L s o g MBIAFT Lhe M KELE
variations in tq{i F858§r SPnFORPIRE 18RS 2OBE: iFACO M2t Agn the thead
be seen 35 tHatavdrsemdiet iGraypaodegly2grzhck2lipdpyi tes posinies i opikéds
i ndi cation of oflerpuideaca ¢ eaginEs a %H%ﬁ.%@? BYFPFon ‘Qﬁe;&he ne?ﬁCPP?féPé’eé 0
di sk- surface H@zgallp%oldﬁef %r/gaklggn prov% e ‘T‘rogl use .. 0 bt he erma The
signal 119. GEsdé3tdbd FoFRAXIRY BRI P.} hECS RS _
conponent spoifkesn dvfe etampEnted aadnctihidsioald, Mand e X8 itk b1t £t N
20 infarmati Qedefeitiedll B918HEEEE S GAY BL! ShESLL CoHh el d 356081 o may
10 be output. For example, in the illustrated embodiment, if only
spikes (b;, b,) exceed the threshold, a code {1, 1, 0, 0} will
be decoded.
The Gray code 382 is processed to determine axial and
relative head offset and track runout for each MR head 80 in
- 15 a storage device. As noted above, head offset and track
runouts may be stored in RAM coupled to the feed-forward
generator 302 and used in the servo control system for track
. - following and track seeking. The axial offset of an MR head
. -7 80 is determined by rotating the disk 24 through one complete
20 revolution and reading the Gray code pattern 382 with the MR
head 80, followed by signal averaging. A thermal Gray code
signal is created in the readback signal of the MR head 80 as
it passes over the Gray code pattern 382 depressions and
elevations, The thermal Gray code signal is processed to
25 determine absoclute average measurements of disk eccentricity
or runout. The axial head offset is determined by averaging
the absolute averaged measurements of disk eccentricity of a
complete revolution. By doing this, the position of each MR
head 80 relative to other MR heads 80 can be determined.
-39 The axial head offsets may be used in multiple disk
- systems to determine the physical track of each MR head 80 in
a cylinder. It is noted that a cylinder represents the
physical tracks over which the MR heads 80 are positioned. In
an exemplary arrangement, the physical track zero of the MR
35 head 80 with the largest axial offset is mapped to cylinder
Zero. MR heads 80 with less axial offset are mapped to higher
physical. track numbers based on the largest axial offset. An

-21-



disk 24. In accordance with an exenplary enbodi nent of the I nventi on,

servo information is encoded in a surface profile of the disk 24 and
is read using a transducer having an MR el enent, e.g., an MR head 80.
As wi |l be appreciated fromthe 25 exenplary enbodinents described

bel ow, because the servo information is provided in the profile of
t he di sk anWQH4es read concurrently with magneti calPCFuspetsnss dat a,
an addltlonal 15% 20% of the disk is nmade available to store data
(i.e., the exampier bfothb$ map@mhlgsiopraa\st@wslgy speren davéngetieele rbiggkat | C

.servo 30 i nffy ki QR - heads so is. shownTL!erf“ﬂQJ nom to qlﬂeg sé‘li& heieies
shown an illustration ement - ead 80 ori ented

over the | Teprasenl thes pasdtiops gtk Saen Hhen @%&rsot%fw%rqw
used i n zomev €110 onalThkat@assliaxmagebstwéemsthé haslid oobtebast hadB&he

| t
POl IR e t%%kggghf act Srdicn AR A,
magnetic trafdom d&s H’@Véllﬁﬁédtﬁﬂ"l‘h%e’éﬁsk Since MR head number Ths the

-9- largest axial offset of 5.5 tracks,’ it is mapped to its
- physical track zero. The remaining ‘MR heads ‘80 atre mapped to
physical tracks which are 5.5 .tracks 'spaced from their
10 positions  in the calibration :zone '110.. By -mapping cylinder
" zero to the physical track zero of the MR head 80 with the
largest axial offset, the seeking required during head
.switching is minimized. - A |
'I_'h‘-e: frequency cé’lib'ra'tionff--. patterns 384 and 386 are
15 used for measuring the thermal sensitivity of .the MR heads 80
in order to-'de"_terniine appropriate servo thresholds:t, and t, for
a given head. ' Servo - thresholds t, and t, compensate for
different thermal sénsitivities betweeén MR heads: 80 resulting
from differences in MR element dimensions,. recession, shielad

20 spacing and dimensions, MR lead thermal condiction, etc.
: To deterniirie the servo thresholds t, and t; for each
MR head 80 in a storage system. the frequency patterns 384 and
‘386 have serration frequencies, - which - for  example, may be
equal to the serration frequencies fl and f2 of serrated edges
25 S0;p and 504. The threshold: calibration procedure for a
'~ multiple disk device includes the following steps. First, all
MR heads 80 of a storage ‘system are moved to the calibration
zone 110 of their respective disk 24. (An MR head 80 is
selected and its Tespective disk 24 is- rotated. Thermal
30 frequency magnitude responses t(f,) and t(f,) are created as the
"~ MR head 80 passes over -frequency pattérnsi- -384. ‘and 386.
Thresholds t, ‘and t, may be calculated _usian-them'al:-frequency
magnitude responses t(f;) and t(f;). For example, as shown in
Fig. 8, the ratio of the thresholds to the plateau amplitudes
35 may be a constant based upon the assumption that thermal
~ ‘sensitivity along the width W of ai MR ‘element is constant, or
the thresholds may be determined from the relationships: t, =
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surface result in the production of a readback signal i nduced in the
MR head 80. By way of exanple and not of limtation, the readback

signal is preferably a voltage signal. In Fig. 5, thereis
il lustrated opsnaesl ary disk 24 5 havi ng pre-enbossed or pdrEOReddss ack
mar kers 108 and sector mar kers 106 for providing servo information on

the disk in. tr;@t{fb,l Siﬁ%reb ok ﬁtwgaye %ﬁ}%&ﬁ‘oi’@é'@t h88°t, Gk tiRAdeh@ctedk

spaci ng. ¥ ovicd concentric data tracks 50 used

.to st or e Mfathead @&cﬁr&ats&oFPQcanBAﬁaya Hhe (REQCRRY s TSpeatgd for
series of - saxctirer MR hed@n80f hadibythseshold mealeess fchb@1l MR hédgdscent

data tracks 50j_ r@hes &?%18%%thﬁ\aflgvgaéggﬁscéggulated. The track markers

108 and the sec or fations in the disk 24

whi ch can®be identi f i ed AR emHary calibaakdonc BFRSEENE eof orh SetRIRABANY
readback signalhe posithind dbf all sébVeheé mﬂgﬁ mérieers 7112 hent thekaiskkeas

108 my be s Thenenhelack 90BTvol’ i SAAdINAY boagh oK a-e0ARRR0.

vari ati ons between ad) acent rac e sect

may be-radi al %ﬂiﬁfeélﬁr ofi ai refexence 611@3%?4 15 ideptifhedn andht |tb#stlme
bet ween adj ac ¥ f fea®ndess (3Ac103id§SRealeswch N Bddwedielty relferbhaek

mar ker s 8 a s 6 [ t [ \Y;

T o, AP B s 112 arf?e& J25 ReRkBY] 172088V socona

110 and an i ndtb8kmekerigmeasured. This is repeated until the time
.difference between all index markers 112, and therefor sectors

A 52, is established. Advantageously, the relative timing
. calibration can be performed simultaneously with the thermal
15  signal calibration.

Referring now to Fig. 13 there is illustrated an
apparatus for reading an information signal having a magnetic
signal component and a thermal signal component from a magnetic

- -gtorage medium and separating the thermal and magnetic signal
.20 components from the information signal. An MR head 80 is shown
in close proximity with a surface of a data storage disk 24.

..The readback signal induced in the MR head 80 is typically
amplified by the AE module 202. Filtering of the readback
signal by the AE module 202 may also be performed. As shown

25. in graphical -form at the output of the AE module 202, the
. analog readback signal 460, containing a relatively high
frequency magnetic signal component 461la, exhibits a distorted

b.C. baseline due to the presence of a low frequency modulating
signal component. It is appreciated by those skilled in the

30 art that a modulated readback signal 460, or more particularly,
a modulated magnetic signal component 46la 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

35 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
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which may be formed by a closely spaced pair of sector markers 106.
The purpose of the calibration zone 110 and the index 25 mar ker 112 w ||
becone apparent |ater. As shown in Fig. 7, the data tracks
50 of disk 24 are provided with serrated edges 50[err] and 50[err]

correspondi pg. L.a.ihe I nner dianeter (ID) and quter )
edges of thg‘h‘}@é‘k’p For each track, the ID edge 50[e%?§1930n has
a different 30 serratlonfrequencythanthe CDen%qe 50[err] serration in
order to indgpepdgat, FREREtYF rald| bReTal Bt (RAMRATentf - A0 fhadns

my  hathet Nevwstypenadngy spduletiage readbasknsighdal basedineThie in

serrations ery ] er | by

factor of tng%tn%\ﬁt% Q{W qeeg %leisé%pr%% eld %%g%“@{. ogg%hghger?ﬁt |t5'r$s
may have a mﬂeﬁidPéG §ﬂ-9@|af1f 468t - "é@;ﬁ’erf@iré'é‘er beenpﬂ@hem;neécﬂmm
has edges 50[iexehtard, SQlsewillataldd vy ailscussed fireqisyaileherdhith R, at ed

gg_?_fasgg / igg ggp_d t%%[ eﬂﬁ&eg.rgﬂee tf&&sacio signal 460 moéi\’ﬁa?ﬁéé 6g§.n be

eliminated or substantially reduced in  magnitude, thus
providing for a pure magnetic s1gna1 representatlve -of data or
servo information. . . Lo L
10 o In Pigs. 14 and 15, there is respectively: illustrated
" a distorted readback signal and an undistorted readback signal
restored by a s:gnal separatldn/restoratlon module 476 'as shown
in Fig. 13. The siqnal separat:.on/restoration module 476
processes the readback signal 460 to restore the readback
15 signal baseline, as shown in Fig. ‘15, by eliminating the
" “undesirable baséline modulation, thereby producing a pure,
- unperturbed magnetic signal 461b." It is noted that the signal
separaticn/ restoration ‘ module 476 ‘generally represents the
readback signal filter .apparatus of the servo demodulator 200
20 ‘illustrated in Fig. 9 needed to extract the thermal s:zgnal from
-the readback signal." s EREEE
o The independence of the magnetic ‘signal -and the
- thermal signal is demonstrated by the waveforms shown in Fig.
" 17. The waveform shown in Fig. 17(a) ‘represents the thermal
‘25  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. 17(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
30 = of the erased track to obtain the waveform shown in Fig. 17(b).
© It can be seen that the extracted thermal signal shown in Fig.
17(a) and the readback signal-derivéd from the erased track
° sghown in Fig. 17(b) ' are substantially identical. ~ The two
‘waveforms - provided in Fig. 17  verify ‘that the two
35 ‘simultaneously  read -thermal -and magnetic signals -'ére_
' ‘independent and separable. ‘ '
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may alternate in serration frequency, as shown in the Il lustration.

For exanple, sone tracks 50, referred to as odd tracks, nmay have an
(I'D) edge 50[err] at serration frequency f[err] and an (OD) edge
50[err] at serration frequency f[err]. Wile even data 5 tracks 50,
woul d have ODwdgwsasb[ err] at frequency f1 and ID edgescrif§oengds at
frequency f2. By alternating the serration frequenci es of adjacent
data tracks 50, the serr S¢Qf j a track opd.
Thi s makes track rker S%&%%E}:ﬁqlﬁe tﬁthc%gselg(rj tgﬁg}eacgﬁt Sﬁlﬁ'&%}%&%ﬁo ad

easier to detecE®OAdeRe AF 2 oﬁ%lms@BéF@Fl?B tPrRtipR module 476
Furt her nore, thdlseusaedomse\nmudie( avitgnerespabital to, Fig. 13L.e.Id his to be

serrations may Qﬁdé?é‘{'}é‘&dft’:ﬁé@%é‘%r&n S s‘Hb"ax‘S‘E‘i%ﬁ restorééﬁ ﬁ" kXdBF%W@‘?Q'
Thi s. woul d _be usefu] In tant angu ocl t em as
serration PrequB¥iBe ?‘&?]:RY qﬁﬁf%fﬁ‘ thelvﬂlﬁgéﬁ S‘BSWJBFdSB@a§6F\§?§.the

over the entireindependerf magnetlc sigjnall Firon el dtdéddbaek heigndbed s ®f in

serration cycl e ak At c

that data stor agraéPUE@ rse)!/nsoveem%ggc??ra‘fggé? cfgg%c can%glw&éggt %E Qhe
exactly vyield eadb%%?&rﬁ{ﬁnﬁlhé@eﬁtétrlbﬁtﬁﬂeﬁeeﬁ&lﬁé@ai[ signpaindnfluentes 20
In Fig. 8, the inecmothey emgrdinge, ren@mimltéé{:ﬁad:)on/rest@ahbn(%s&i&)

ot o S8R £POE B, Sl R gy, sl Wil e
even data trackidgnetic Slﬁnﬂ%\tﬁ kmsofrom theyFerdkack egigna) M60tteD
edge 50[err] andemove eduencyreffeentyattidimfl sieaga Sepmpbhentlienahds Mh
head 80 %?‘6882'“ 4d@Nfofy Uy cirlBe iR e therma?lsindl' HRiFnhkdRG 20a11l81e
gr sgbsequent processing both the pure magnetic signal and
15 pure thermal signal in independent form.

As shown in Fig. 16, a readback signal is sensed by
the MR head 80 situated in close proximity with a magnetic data
storage disk 24. In one embodiment, a readback signal received
from the AE module 202 from the MR head 80 is converted from

20 analog form to digital form by an analog-to-digital converter
204. The digitized readback signal is then communicated to a
delay device 486 and to a programmable filter 488. The
programmable filter 488 is a finite impulse response {(FIR)
filter having a length N, where N represents the number of

25 impulse response coefficients or taps of the programmable
filter 488. The readback signal applied to the input of the
Programmable filter 488 is subject to a total signal delay
corresponding to the length N of the programmable filter 488
as the readback signal passes through the programmable filter

© 30 488.

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

35 relatively high frequency magnetic signal component. As such,
the programmable filter 488 is configured as a low pass filter
and programmed to pass the thermal signal which can be
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responses t(f[err]) and t(f[err]) should be near zero. As the MR head

- 80 noves off toward the I D edge 50[err] of an even track 50, the MR
head 80 senses the edge serrations and the thermal signal 30 t(f2)

i ncreases. Siml arly, as the MR head 80 noves toward the OD edge
50[err], th p, signal t(fl) increases. It is noted. . as the
head conti nues m)ve of f-track, the thernal Si gnal S tlz’?[er 4?) and

t(flerr]). plateau ScCri e full ng
frequency cor‘?ceé’rﬁraéﬁyt ﬁga’fﬂ% %*2%%ﬁ1§oﬁe’ﬁ¥d %equetnﬁg Qég q:sﬂ Oha F‘
‘the of f-traclofdi iest iemergyd imghheudaeguency range Whémremmhehae 10

determ ned a r t khRimately 100-200 KHz. It is noted that
ST 10 KR 1L ksl

PCT/ US96/ 19943te  madngtyify sgRA% RAIMRQRSRFsi °F ofhe nESadRack oP1982 Ly BPS: fe

centerlisie frequency ranging betweéen approximately 20 megahertz (MHz) and
' 100 MHz. The thermal signal 480 at ‘the output of ‘the
‘programmable filter 488 is communicated to a signal summing

device 490. From the output of the programmable filter 488,

- the thermal signal'-_480-may be transmitted to.other components

10 in the data storage system, such as a servo control for
' purposes - of controlhng track followmq and track seeking
operations. - -

The delay device 486 receives the readback signal 460

- from the "analog-to-digital converter 204 and- ‘delays the

15 transmission of the readback signal to the signal. summing
‘device 490 by a duration of time equivalent 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

‘200 thermal signal 480, extracted from the readback signal by the
-progranmable filter 488, arrive at the signal summ:mg device

- 490 at substaritially the same time.: The signal summing device

" 490 performs a demodulation operation on-the readback signal

460 and thermal signal 480 to produce a restored readback

25 = .signal 478. -Thus, the ‘signal.Steparation/:_res_tora“ti_on'modulé 476
- dllustrated in the._.emb‘odimexi-t-:-u.depicted 'in Fig. 16 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

30 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. Jervis, "Digital
Slgnal Processmg" ' (Ad@ison-wesley Publishing Company, Inc.

35 - . . 'Returning to Figs. 14 and 15, the modulated readback
signal 460 shown in Fig. 14 represents the appearance of the
readback  signal prior to - being processed: by the signal
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of a track. It should be appreciated that the thernmal
frequency magni tude responses t (f[err]) and t (f[err]), from which
the servo 5 information is obtained, are derived from periodic changes in
t he spaci ng between the disk 24 and the MR head 80. In the

i |l ustrated cWORN2A@At, the servo information i s obtained fr8fUS96194S,si ng
the changes in the thermal frequency response that result from the
MR head 80 paparagionyrestoeativrduodifle 4Jitr.cuffher eaprasentaties of e

change in di skl iaad §Qgﬁaggm Fiq Y dook SEaRIR) Hrbenaceemmblek sl il

.providing elev meen the tr weve
typi cal - effi rofidEnt, 14r oRAELTyr eDBIBFer r%’f:?‘iﬁ‘-ﬁ:saﬁ%el_‘g EB%r mﬁlgnal
oper ation of th%pat:@ta@ﬁ/wsten‘aeﬂommdsdummum sfaei ugdbeimbhe 1Bnfludnce

heads and glal a e a0ie - tnblndy ! Yid86S e&ﬁr@?ﬂd&ﬁt Sof" thB® aistorktied® Fadvack

i nvention,” servo ormation is ari.ation
char act eri sti c$i@mednsbannpin Fdg. e?:ﬂe‘ﬂ“f @hmnaf:ﬁg }P%e?“f?&loydé’f?pﬁnin’fa%fs'%e
readback si gnalfilter exathed eighlie separdtiiarly/restiosasitidnedulel 47i6f imroddeom

the data trackic>Produtd thghgég%fgwa;gpnvééﬁ VoaRbliek BIGANEILTE Ml AN

be reflected variations _1n
di sk charl’a@i-eﬂﬁst |'§%e deapTidudec gndophase W%P@% 9fcthe 9-tap

Tur ni ng t:mf Fi gr1 flinees u&;uhhdéttﬁtﬁfbwbewlrasxored mbtbmekmllwcmaco:f
Cnsetem ol oMU arhmpdeio g luTas &% eatiatka fhgpsy o
Al though the ‘denpdul at ﬂ@npé‘i%%@-hiarc it F’PFlu ?r%&%‘ﬂ i,thppg 19 (PE that the
i npl ement ed -as 9a t@ipdifialt ey ExBibi8B8 perfect linear phase response over the
frequency range of interest. The effectiveness of the S-tap
15 FIR filter in eliminating the baseline shift or modulation of
' the readback signal is demonstrated in Fig. 18. Fig. 18(a)
shows a readback signal demonstrating an unstable or time-
varying baseline. In Fig. 18(b), the modulating baseline of
the readback signal apparent in Fig. 18(a) has been eliminated
20 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, 8, -1, -1, -1, -1},
25 or
B(iy = {-.111, -.i11, -.111, -.11i, .a8%, -.111, -.111, -.111, -.11l1)

The waveform shown in Fig. 18(c) was produced by

passing the modulated readback signal shown in Fig. 18(a)

through a conventional highpass Butterworth filter, which is

30 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.

_ As previously indicated, the magnitude and phase

35 characteristics of the 9-tap FIR filter used to restore the
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equi val ent anal og system may al so be used. I n operation,

t he denodul ation system anplifies the 30 readback signal 81 obtai ned

usi ng the MR head 80. The anplification nay be done, for exanple,
by using an Arm El ectronics (AE) nodul e 202. The anplified readback

signal 203 woomasbs sampl ed by sanpler 204 at a sanpling r aggubssnosgoduce
readback signal 205. A typical sanpling rate will be in excess 35 of 100

megahert z. ( e _sa ck..s al . 20 r oyl the
dat a channe:\/y%aﬁ;om p%@c%sésaﬁag%% & a#n%r}' bz éhj)ﬁn 18egl§o ésq%g
_crossing det §§§B¢628Eelbrsb®¥!pols%sh‘b3be19(a) and 19(b). - It ‘can be Seen
. g_/ U896/ 109 37(32)46918% some degree of hrlpple may ‘occur 15.10 E_::he
S r.ej. e i_s

Bso ﬁ%ﬁaean?ogi Ehe ERLOBEWREGA Shay pd | ELIRAAVGS Y HisARe,
responsé (I IR}nﬂbWt §‘rmct®090ﬁ9e|t§3t é'-aDoMetlﬁbtﬁl @f- gdes FtigreFIR £ilten.he
AE modul e 208y wgiieoﬁuéﬁi%pﬁé.gr&lm&ﬁ?lr@c wi@ok thAr bé0fpplied to the tap

' welghts of the 9 -tap FIR fllter to produce a w.mdowed restore

f:.lter hav:.ng the following tap welqhts. '

'  b(i) =""(-.0089. -.0239, -.06, -.0961, asa’s; -.0961, -
10 - -.06, - 0239. +.0089)

The ‘output of the 9-tap. windowed FIR £ilter hav:mg the above-
- listed tap weights results in the elimination of the ripple as
shown in Fig.: 20(a). As further’ shown. in. Fig. 20(b), the
windowed 9-tap FIR filter retains .its perfect linear phase
- -15 ‘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 fregquency response.: R A -

' Turning now to Flgs. 23-29, there is -illustrated
20  another embodiment of a signal -separation/restoration module
' 476. In the design.of an AE module 202 as illustrated in Fig.
13, it is often desirable to include a highpass filter in
conjunction with a preamplifier for purposes of rejecting the
relatively 1low. frequency signal: content of the composite
25 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 magnitud'e‘ of the thefnlal' -signal distortion due to
the hlghpass filter varies in ‘severity  depending on the
30 frequency and phase response of the particular highpass filter

' ' elnployed. - L R S
- "By way 'of"exampl'e, ‘a hiéhpa:s's' filter suitable for use
in an AE module ‘202 “may have -a cutoff frequency of
approximately 500 KHz and exhibit non-linear phase behavior.
'35 The frequencies associated with head-to-disk spacing changes,
~ however, typicaliy range below 200 KHz. Moreover, the thermal
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b I s passed through a filter 208, e.g., a noving average | ow pass
finite inpul se response (FIR) filter, to recover the thermal conponent
of the readback signal. The output of filter 208 is provided to a
het er odyne denodul ation circuit 210, which det ermi nes whet her thernal
frequency nmagMQR7846%8onponents t (f[err]) 10 and t (f[ err] PCEIUSIHLINS
readback signal 81 exceed their respective threshol d values t[err]

and t[err]. Theigmlabifoa ebalibackesitymudy nypicallydbaeddl sirbgaefity Chahgdd

.Ioge?g{ ?ol;lm It%e Mae?’egggﬁéecel Vgg\‘?%xlmately tI‘rgJo Keter C[)}d%/ne dgﬁoggﬁga?c%%ted

circuit 210 is i ed kighpass, @Reﬁromaf’ﬁlmer oeuiefifev frequenayy of
;Nri tef oper at It Olappridxiwatkey 500 K ﬁﬂmtsﬂﬁﬂﬂt P f%a&stm@tls\d@r@d Ethé ?mplltude
ransferr 0 dea e wite hea ea ransf er
distorts t'he tﬁ%’%ﬁﬁ € gfc&r]‘rlﬁon%‘?m#tsﬁegqaa él%%ox%%h%af’f %ﬁf %?%
of the wite signafeadThe-WRINRIHE ﬁéqﬂalrmempfbéh&ppﬁodbmkeﬁhmh
first or d@welv%wpa&émhhhheﬁnafﬁ@éé@d ﬁymaié ORi ghpdlfs Of S11QdA | Dihd@

by the wite h ansfer stanti al | reduced a/

head
passing the si gn%fm%%/? Igangel 8F % %%%'g%a‘yaﬁf'gna% 18 AFRGTAL I, R, 2
filter 240 haviteg48 timesf thatefttlen Highpase filtert cutb&f ﬁfeqﬂnmd:y)wpass

filter trmnsfe[) functlonxn Arigsanas ??%3 8Ad 23'('%‘3' Caih¥fe Off a{ 3}

oper 157 ey 55 ARKLEE] S one sphivg (et S oo RoRE WS aF

may be used the hdgbpagse fiidseningt behavmmé 8i typicad( ARumiodila 20

si gnal | epei BEghpasd££iAQRr Bapas &aéotbr%éﬂar %Qaabbi‘&xiﬂé(@éff 57d

filter 240 p&d-lgr II‘?;e e| ) fe:{'e t?rllc\:/t?mn bé/or tr}xe rﬁeg eprassy r}llter having a

15 single pole at 500 KHz and the magnitude and phase response
illustrated in Fig. 23 can be defined as:

_ ba(1) +b,(2) -272
1+a,{2)-27

(1]

where:
b,{1) = .9876
20 b,(2} = -,9876

The distortion to the amplitude and phase of a
thermal signal introduced by the highpass filter of the AE
module 202 is effectively eliminateh by use of an inverse

25 filter having a transfer function inverse to that of the
highpass filter. Passing the readback signal output from the
AE module 202 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

30 conditioning a readback signal passed through a highpass filter
having the above-described transfer function of equation [1}
is:

1. _tral2) -z
-bhll) "'bb(z) vz

[2]
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denodul ation circuit 210. During a read operation, the signal 233 may

be used to pass the signal leaving filter 208 directly to the-
het er odyne denodul ation circuit 210. The pol e | ocation of
the adaptive inverse filter 240 35 transfer function may vary between MR
heads. The RRLY7AMERLT ON for a given MR head may be esidiRbE usi ng
t he t hernal cooling response of the MR head after a wite opération
has : o 24608

PCT/ US96/ 19945 M&%&t“%ra’éﬁé?ﬁﬂsé* TSRPE |frv$€f Eﬁ SHHIPARS a
sinmple - fdtter nof eheodemodileni2(? and itihe doveraet fhhteh - desctmbed

det erni ned fragpptde ér‘ermréspé@t‘ﬁfeﬂ)he i@@té@g 191“ri"§g§ Y rﬁacgnd 25
apprOX|nater 36 8% 5 Hhe

err
e st ant PALH ORI 1 iR MATHLLGE GREPARPE ShoEhnVLRER se Filtar apd
tinme con5tantthemhathaﬁﬂ|fmated of- the|AEfmodehsrﬂom?ﬂseaéspectlvely shown

"as curves 570 and 572 in Pig. 24. The phase response of the

‘inverse filter “and h1ghpass fllter is respectlvely shown as
curves 576 and 574. ' '

In one embodiment, an infinité impulse response (IIR)

10 filter is programmed to respond as an'inverse filter for

purposes of- restorlng the thermal 31gna1 content of a highpass

filtered readback ‘signal. - Although an analog filteér can be

employed in an alternative ‘embodiment, an IIR filter provides

a number of advantages well-suited for use as-an 1nverse filter

15 for purposes of restoring the amplitude and phase of a thermal
signal distorted by the hlghpass filter behavior of the AE
module 202. '

The signal flow diagram illustrated in Fig. 26 is

representative of a first order IIR filter configured as an

20 inverse filter. The coefficients associated with the signal

flow graph of Fig. 26 for a first order IIR inverse filter
having a transfer function given hjﬁequation [2] above are:

a, = .9876
S 1 ay = .-.9876
. 25. wobyp= W1 :
' b, = .9752

_ In.Flg.TZB. there is lllustrated three waveforms that
demonstrate -the _effectzveness of the inverse filter for
B .restorlng the or1g1na1 amplltude and phase of the thermal
30 s;gnal component of a readback slgnal that has been passed
through a hlghpass fllter._ In Flg. 28(a), there is shown a
readback s1gna1 detected from a p1t in a data storage dlSk
surface. The readback 51gna1 shown 1n Plg. 28(a) was detected
from a track written at a 20 MHz write frequency. ‘The readback
35  signal was sampled at 100 MHz with 8-bit resolution. The graph
shown in Pig. 28(b) represents the calculated peak-to-peak
magnitude of the readback signal of Fig. 28(a). The signal
shown in Fig. 28(b), accordingly, represents the magnetic
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and stored in a random access nenory (RAM. The adaptive I nverse
filter 240 transfer function may then be updated based on the tine
constant of the MR head which is selected. The 10 transfer function of
t he adaptive inverse filter 240 for each MR head may be updated over
time to accourWOPHM46¥hanges in the write head-to- MR heaRCT/HS¢/199S
head-t o- di sk -heat transfer dynam cs which may result fromdebris
collecting on tspadimglssignal 560 which dlwarldapshowsi aveross foft magddtic

thus restores tig ?ﬂa:’l dudllt t%&%%%”@&exﬁ&ﬂ@ reaé{?gobgﬁttl‘i‘@ ;;%aw&&x g

present dur area eration ck signal ving'its
t hermal conponeff (¢ s‘tle‘ﬂ%ﬁi-'-qﬂﬁe&ntaﬁaﬁ?‘&‘@% WEP@& FP‘F'P‘éPe@'Zl(Pf the rga HCk

i nput to the hesbgmsly e tdanhduling iseerc passed th¥digh the hﬂ@wmﬁlt@msko
m sregistrati onof(]j_lxg) ?uHoﬁﬂl ﬂ&i ng. 1?':0 can I\/Q,r eog/gé ur I&g;%tr}ﬁ)?us‘é%%

nature of The servo position Ssens 5|ng
and wite oper WWRECTTRS | o BiSS: 28 (b) el r?&é& tGhéé’retBSc@EEﬁ@ﬁféGeﬁEa@mg

ot her external fefoftstion and thERMalospabiek ﬁmbmétrﬁin @ n&tacdfr&spond

The het er odyne es_25 nd_s

mul tipliers leggndg%a‘tﬂk?ﬂl terswje%dctﬁél%rdsse Og 5&8 f‘#ll‘&to %r'} S gh
conparat ors 220thexmab osignal heemponsiHe caused duiothe ohighpaas rﬁulmer 2&@0.
extracts ibe tieicm nad rmny dif fegant ikteed agotiRriadnalignaif [ eFsl)

et | Fort) PR 08 M gpiog, SRSRIERIE ol S a5 L0
signals 221 andf f°‘~" use as an inversepéiatedn, reﬁ%rm%rzcsdyﬁée to E.C.
denodul ati on cnxmén&l.o B.W. J41868),Voiyitaal s208aanerpeessiagi (adQ14b1 St
and second Wesley Publishing Company, Inc. 1993).

15 In Fig. 29, 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 signal 560 is typically

20 calculated by taking the logarithm of the peak-to-peak signal

and then multiplied by the known sensitivity of the output
~vpltage change to magnetic spacing change in accordance with

the well-known Wallace equation. It can be seen in Fig. 29

that except for a difference in signal height and a slightly

. &5 longer time constant associated with the thermal spacing signal
562, a magnetic spacing signal 560 and thermal spacing signal

562 describe a disk surface pit. Thus, the integrating effect

. Ehat the inverse filter 556 on the distorted thermal signal

shown in Fig. 28{c) provides for a correct thermal spacing

30 signal 562 to be produced.

Referring to Fig. 27, there is shown in block diagram
form a system for processing a readback signal to obtain
magnetic and thermal head-to-disk spacing information. A
readback signal is detected from the disk surface 24 by the MR

35 head 80. It is assumed that the readback signal is a composite
signal containing both magnet:lc and thermal signal components.
The readback signal detected by the MR head 80 is communicated
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multipliers 212 and 214. Miltipliers 212 and 214 multiply the

readback signal 209, with two or nore divided oscillator 35 signal s 225
and 227, respectively. The oscillator signals 225 and 227 may have
vvaveforgs g&cﬁi frequencies simlar to the serration frequencies of the
serrat ed "eq@g gy spmer at ed when the PCT/US96/19945 - 14-
WD 97/ 24608 PCT/ US96/ 19945 di sks

2 L e S AT n s it st e

ave a

requenc co t
_frequenci es hijgbpapsafd1EpEr P30 #seﬁ?@&ﬂ p&ig.c q@"iﬁ%ﬁrﬁt Sryern gpggeﬁbg% are
| ow pass fi kdoia@ ky2fi | terfenthtlaptadtice! Heowdser,5 the higbpasagf ieeni gh

frequency c onents ﬁ{’{ééggé&& g;“’i a’}ﬂxezjiﬁ-: mduletgogenerﬁ{ee tPhsfer

frequency -t e response_si err and
t(flerry), dema}n@’e@fziiheahéngéssr%b’é%'f |%I‘%Pn°tﬁ‘?eta%a;*° H si gnal s
- 217 and 219 are providgg- t&t@@almus%m AJhpass filter 550 is

‘sampled by an analog-to-digital ‘converter 551 to create

‘digitized samples of the highpass f:.lter._e_d readback s1gna1.

- Phe digitized readback gignal is ‘then ‘communicated to the

10  inverse filter 556 which corrects for the distortion introduced.

" by the h1thass ‘filter 150 of the ‘AE module 202, The. transfer

" function of the inverse filter 556 is’ ‘denoted’'as Hy’. The mean

of the signal passed through the ‘inverse filter 556 is obtained

by digital filtering using a mean Ffilter 558 to:produce a

15 thermal s1gnal wh1ch is 11near1y related to the head-to- d:.sk

) . ":"spac.ulg. AR o - : e .

" ' - 7The readback s:.qnal ‘provided at the output of the

analog to- d191ta1 ‘coriverter 551 may‘also be communicated to a

" digital filter 552, suc¢h as a FIR filter, that extracts the

20  peak-to-peak amplitude of the readback signal soas ‘to extract

the magnetic signal ‘compornent from thée readback signal. The

'logarlthm of ‘the magnetic signal is° ‘obtained by passing the

' magnetic signal ‘through the' log device 554, which produces a

‘magnetic signal ‘that is linearly related to’ the heéad-to-disk

25 - spacing. ~Having* extracted both -the magnetic and thermal

- gpacing signals 560 and 562, respectively, the ‘thermal signal

can be calibrated since the magnetic calibration is known and

‘only depends on the recorded wavelength of the signal. It is

important to note that both the magnetic and thermal spacing

30 signals 560 and 562 are llnearly proport1ona1 to the head-to-
'dlsk spacing (y). o :

In order to more fully appreciate the various aspects

of the present :mventlon. a ‘brief discussion of a conventional

‘MR head is provided. ' The general layout of the principle

35 elements in & typ1ca1 merged MR head 600 is illustrated in

o Flgs 21 and 22. The 111ustratlons are not ‘drawn to scale, but

rather are prov1ded ‘to illustrate the relative orientation of
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for conmparison with threshold values t[err] and t[err]. 10 _ As
best. shown in Fig. 8, threshold values t[err] and t[err] correspond
to the threshold anplitudes of thermal signals t(f[err]) and t
(f[err]) at which an MR head 80 has noved off-track and shoul d be
reposi ti onedWO¥734@8not ed that threshold values t[err] and tPEFE§NNNS gre
predeterm ned val ues for each MR head 80 and are stored in 15 a random
access menory gHAMariolise MRhhealokleinahtes {TeeryR duehd [inaludes a pade of

determned in | Jerati 0 | ff | h bs 1 PRy
.al ong the w dtﬁ {ﬁcﬁ; g%tll\/%agl g?rght ﬁ?ﬁgi er ent §02%1s I\?Rc%teé;gs%% andhégy

be different fErekds htank ¢hds, The MR elegent 8692(ORpFrates py a read
herei nafter. Zdlement of the MRORpadagop. output signals 221 and 223

from conparators A Moo % r

Vhen the TR head 80 is ?é%f“%ggd%ééeg%gct%?léglﬂ%ﬁé,ggbg’?%ho.%égﬁﬁgi‘ Bog féﬂ a
223 may assumechdn gilBamagaptiécdread functdanimgeas| p whtte elemantefey the
frequency resmMrRISKesd 00ad . 21 Elexentds d0¥ eal| 6oy abperabe rebpectivelyeans

conpar at or out ' | ogQi . . i@l ar '

signal 219 excﬂgl(‘ait stsk ﬁ?%ﬁ%ﬁd{%n%ﬁzﬁ%?ﬁggego%}?{a cl;’Pm flm%ﬁtﬁ eé%@ﬁé{:
223 may have &he@ualofumction of giemer 603ndi.e., agtingas & fdggsnpole
conponent at orerimd v de esll@nsitcsardd €46] aOkebbBAr bhield) BE5@Yts NEAT the

be pero. as dMERYALReREFE oh s SRBRAY 6o Bskiagion 147958 ok Sty
be used by a thaxpurposes o&r ¢dardby) ol such as sylasgn tarednpigaliyeformed

position of thediddhcatheSdarious elements of ReAEMR Wedwwde. Fig. 10, there
s iljustrated an X RlAL SRR e ! SR SAd %25 PR 2k Bhsr

15 shield 601, MR element 602, and second shield 603 extend upward

from the surface 501A of a disk 501 in respective wvertical

planes. The second pole 604 is not shown in Fig. 21 for

purposes of clarity. The planes of the elements are

illustrated parallel running in the direction of the plane of

20 the page. In the illustrations, the plane of the first

pole/second shield 603 is closest, followed by the MR element

602, with the first shield 601 being furthest away. Also

et 3 oaes !_.'eﬂﬁ“‘re the negative and positive MR leads 701a and 701B,

'” 2-3-;gg§wptively. These leads are formed in a plane between the

.-25~ —FirSt 5H161d 601 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

30 connection points 707A and 707B which are respectively

connected to lead wires 709A and 709B which, in turn, are

connected to a preamplifier module 711.
The physical phenomena that generates the thermal

voltage response v, across the MR head element 602 is that as

35 the instantaneous head-to-disk spacing increases, there is more
air space between the head 600 and the disk surface 101A
causing the MR element 602 to heat up. This heating cause the
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35 223 for servo positioning the MR head 80 over a data track 50.
The servo control systemincludes a servo denodul ator 200, a
read/ wite (RF'W controller 340, a seek controller 302, a

-15- WD 97/ 24608
PCT/ US96/°199%6 97124608 vel ocity profile controller 304., a feedrfuspornpss
generator (FFQ 306, first and second adders 308 and 310, a

nul tiplier 31MR dhead : 600€ ¥és LHEMRRBS ALO! ihtFeagedi Ghdaled Ocaaal%fsluve

conver  of (DAClmidfurure co@PA ! Y5 GO ndfbodRS Aldialt b IB R v

to the stenentien®@d} at or FRO0. exanphed 3[4&11%1,/1% Ul tbamamre he
type of operagbéeff féidmdeos €.,03 ?aﬂ//\Mét@s ﬁénu@ﬁéafglrbowusly el or
settle. During track.follow ng, or “exa conpar at or out put

si gnal s §21 aﬁ@nm%c#ﬂﬁ%lc%ﬁﬁ@@heslm& ﬁgge Vm across the MR element

602 re31stance will 1ncrease. "If the MR' element 602 comes in
close prox:.m:l.ty to the disk surface 501A more heat’ transfer
will occur between the MR element 602 and the disk surface 501A
causing cool:.ng of the MR element 602. The result;mg lowering
10 of the MR head 600 resistance w:|.11 lower the voltage v,,, across

the MR element 602 at a constant bias current._ o

_ It w1ll, of course, be understood that various
modlflcatlons and addit:.ons can be made to the embodiments
_ dxscussed herelnabove w1thout depart:.ng from the _scope or
_15_' , splrlt of ‘the present 1nventlon. For example. the novel servo
positlonlng method and apparatus may be employed in systems
employlng optical data disks, or disks hav:Lng spiralled or
other non- concentrlc track configuratlons. _ Accordingly, the
scope of the present inventmn should not be 11mited to the
20 partlcular embodlments dlscussed above, but sbould be deflned

only by full and fair scope of the clalms set forth below.

| THIS SHEET HAS BEEy
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10 322, respectively, for coupling digital values +lI[err] and -I[err] to
t he adder 310. \Wen conparator output 221 assunes a | ogical 1, switch
320 is configured to close so that the value +l[err] is provi ded to
t-he adder 310. Simlarly, the value -l[err] is provi ded to the
adder 310, wh&¥P¥¥4®Bonpar at or out put signal 15 223 assumBSTAPHUE, 1.
The digital values +l[err] and -I[err] are provi ded as pul sed

i njection values to control novenent of tgbaims actuator.” Tf both———

conpar ator output signals 221 and 223 are zero (0), mﬂ ' I Eﬂﬂ
d 322 i d " iniecti.on i »
10522 1o eoen £ iR, oo tipnes, o ONTEN A

there is ah error anvagnetonemis bivs piegdgan be ignored. _
The ad_dﬂI 331? sgrr? t he gul §€dré@é6tﬁ%c}:igﬁ; Yr@:ldliﬁetgggf Blé@ﬁ-relati\}é e%dden;éﬁ{t
any, Wi eed-farward . or val.ue an . prqui des_t he
sunmed si ghal %ffwt%(?nt I‘F@lg;l@ga%%%emgt BP?§1§F°f§ge medipm, | 5aag tﬁ?ﬁﬁrage
t hough .t hé add@edivm incledingsesvot bnfeomation providedto isfgcet&ithegimgdal

may be i gnpred r@ispopkePiaveded MR 1éAEK and foll owi ng operations as it is
primarily  jsed in track seekin as _described bel ow.. The FFG val ye
307 represents MR head afi af:ongi'ollecﬁfgaov&% rgek FORBERL adthe f FeddtdYeot

di sk 24 r & at i ;0veneéns0 betweenpsaiddMi heatihandd dadd3 5:drpgeh aekdd e fusdngr d
generator g sai@rkfbrif®- redpbndd A3 ¥R i MrehehBe predeterm ned MR head

80 axi al offset and track runout for each MR head 80 of a storage
device in a Random Access Menory (RAM. The track runout and head
of fset forl each MR Bead 80shomade dwticenasedecihted) im c3bim 1 cathidredin @aid

procedure set igblrBgeen@Wium comprises a magnetic disk.

1 3. A storage device as recited in claim 2, wherein said
2 servo information comprises surface profile variations of said
3 magnetic disk.

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

1 5. A storage device as recited in one of claims 1 to 4,
2 wherein said controller includes a demodulator configured to
3 extract said thermal response from a readback signal.

1 6. A storage device as recited in claim 5, wherein said
2 demodulator includes a heterodyne circuit configured to extract
3 frequency components of said thermal response.

7. A disk for use in a storage device having a
magnetoresistive (MR) head, comprising:

. a plurality tracks, each track having an inner
diameter (ID) edge and an outer diameter (OD) edge, said ID
edge and said OD edge of each of said tracks being thermally
; 7.‘__‘_':__._'___’_;:;ﬁ_g’_;‘@?’;‘ﬁtinquishable by said MR head.
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The servo conpensator 31§¢r,Lyp+eafr7”§#’ﬁ;cro processor,

processes signal 311, and, taking i the :

-16- WO 97/ 24603&“\‘“ ‘M“%m \‘

PCT/U896/19945 type of .e. odd or even, generates a
servo WO9rhidesi ng control %lgnal 3109. The control sSpgnwsosAsslsi S
converted to an anal og signal 315 by the DAC 314 and provi ded to the

driver 316, whichgin rg #e)é]g%t uatg&ggé fn(i;ulrarlﬁr{“’l 3Jw¥1e§:‘@1n55a1ci e ¥aCepCoi |

notor (VCM) 39 to nove t novenent of

the act 8at or e8ges havaTatdoBe eadE §9rFations pavipga ?qﬁlgﬁﬁguﬁnﬁyven
“data track 58nd a second frequeilty, ssaid tirst dregsmmy bming sdfferesed

for tragk MR head 80 .t I

£ LX4 Fe EMJE{}&!'E‘ o-a location over a 10
speci fiéd tracl mS% f# %+§§ a track seeking operation, . the
servq_control systen1uses t he veIOC|ty di fference between

1 9. A disk as recited in claim '8, wherein ‘an ID edge
2 serration of one of said tracks and an OD edge serration of an

3 adjacent track have equlvalent frequencies

1 10. A daiskas recited in claim 8 or‘9, wherein said first

2 frequency is twice said second frequency.

1 11. A aisk as recited in one ‘of claims 8 to 10, wherein

2 said serrations have square waveforms.

1 12. A disk'as recited in one of clalms 8 to /10, wherein

2 said serrations have sinusoidal- waveforms

1 13. A disk as recited 1n one of claims 8 to 11, wherein
T2 sa1d tracks are separated by surface profile varlatlons.'

1 14. A disk as recited in claim 13, wherein said surface

2 profile varlatlons comprlse topograph1ca1 variations in disk
3 'helght. ' : - '

1 ; 15. A disk as recited in one of claims 8 to 14, wherein
said first and second frequenc1es have serration cycles being
3 a power of two (2)

N

16. A disk as recited in one of claims 8 to 15, wherein

1

2 ‘ said serrations align radially.

1 17. A disk as recited in one of ‘claims 8 to 16, further
2 comprlsing a calibration zone hav1ng a pattern of gray code
3 readable by said MR head for measuring dlsk eccentrlcity and
4 MR head axial offset. '

THIS SHEET HAS BEEN
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an estimated radial velocity of the MR head 80 and a desired radi al

vel ocity to generate a signal |Imnmuﬂlm)mmm radi al vel ocity of
the actuator arm 30 and thus the exarrpl e, if the
esti mat ed ve{ﬁ% is less than the Uesirdd * * veI ocity, ﬁ?%&s
conpensat or generat es a signal to I ncrease the rad| a crty of

the MR head 80 by increasi t.he rotat f actuator arm 30
Converseﬁga/, qif the % ¥a g§|§%§eﬁ§tﬁgag 8<'0i g‘(?l §e11§s%a"‘cq1z¥ﬁa¥h€'°de
esti mat e MR Isempriges dgpresdiahsvihosaidg diske. servo conpensator 318
‘generates a signal to decrease the radial velocity of the actuator

0 Yy s gnd oot ioRs o S S e B 5 TR

desired KRead \ﬂald&mylppvyoaegmlm gedga&t éne@u]emd:ne wtemelr@adayle by
profile cont r@a'i@r MﬁoﬂeadT?SrVﬁéé’é:ﬁfi’néi éﬁértﬁ{%a(lméens:.tnrl%y) ?gl angé 1%1@9

S nultlplled a velocity gain +K lier

pr oduct %13 G%FUVIded to the adder 310. The seek controIIer 302 may

al so provude a seek direction , signal 300 for use by multiplier 312 to

det er m ngq whet her 38. Xelfaght %Q%%&\%&’HHK&? iHsq sddel 5 gslgugflds
to the teed orma génera

t he vel o éHdl fference si gn
(FFG valfue 3 *F §UGY oPREEETRhENCIHARS) A f Bt P&tttﬁé?nséf%ng a frequency
conpensatior 3&guiwalehtpruressibd fEhestalswrrditicandf geqeemtesand a asECOHND

fnal E'g°2 I‘Sﬁaf%',‘%g%“s‘t‘ﬂ"%‘i\??ff%%? S AR i e

driver d-current 317 for the VCM 39 of the actuator
assenbl y 37, ther eby I ncreasi ng or
i 21. A disk as recited in claim 19, wherein said dual
2 frequency pattern comprises radial grooves.
1 22. A disk as recited in one of claims 17 to 21, wherein
2 said calibration zone has a width at least as large as disk

3 eccentricity plus maximum head alignment offset.

1 23. A method of positioning a magnetoresistive (MR) head
2 relative to a storage medium, the method comprising the steps
3 of: '

4 inducing a thermal signal in said MR head with said
5 storage medium; and

6 moving said MR head in response to said thermal
7. signal.

1 24. A method as recited in claim 23, further comprising
2. the step of extracting said thermal signal from a readback

3 signal of said MR head.

1 25. A method as recited in claim 24, wherein said

2 extracting further comprises the s_t_-._ep' of:

3 selectively restoring said ther:ixal signal of said MR head.
;, .?;“?T:‘: ~ Sheet Has Been Replaced -37- THIS SHEET HAS PEER |
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PCT/ US96/ 19945 decreasi ng the_radi ty of the MR head 80 so
t hat the ‘MR head 80 can ef f“ w& !m nﬂ\mli be positioned over the
desired | ocati on. kK €orftrol |l er 302 generates the
estimat ed hewd9ndsse8 vel ocity by measur i ng the time between porasandsssi gnal

81 magneti c conponent dropouts, which occur as the MR head 80

passes oyer the track rmfnkeehéalé)&re'ul(iedl Yhdﬂ:fﬂuﬁ mss WhBRelfil#n adaptii@
f|xedtrgck thch usi osci.l I ato uses |s ve 00|ty - estimte may
be furth fn en§abPf ﬁarféit 9 runout of the MR head
80. Such further ref.i nenent nmay be done at Iow head velocities, for

exanpl e, when the 2R headndbhds as redgtbal 1% BHO BrSRAGIMChL LS tFgack
50. It If not Eiuer[ekiarll saqd movinq step further comprises the step of:

3 generating a first’ output in response to a first
frequency component of said thermal signal and a second output
in response to a second frequency component of said thermal
s:.gnal, wherein said mov1ng 1s in response to said outputs.

ST S

28, A method as recited in claim 27 wherein said moving

step further comprises the steps of: _

providing a first value in response to said first and

o second comparator outputs;

providing a second value representing MR head axial
offset and disk runout; = - ' '

adding said first value and said second value;

prov:.ding the sum of said add:.ng to a controller for
positioning said MR head. ' ' .

O 0O d LB W N

29. A method as recited in claim 27 or 28, wherein said
generating step further comprises the steps of:
" hetercdyning said " readback signal with a first
osc111ator frequency and a second oscillator frequency;
' filtering said heterodyned readback signal to develop
sai_d first and second thermal Signal frequency components..

oW s WwN e

30. A method as recited in claim 29, wherein said
_generating step further comprises the step of:
comparing said’ first “and ~ second "thermal signal
frequency components w1th "first and second predetermined
threshold values to generate said first and second outputs.

b ok W

31. A'm'ethod as recited in claim 29 or 30. wherein said
generating step further comprises the steps of: '
amplifying said readback 51gna1.
compensating said amplified signal; and

W N

e e A g

- ceew _ B ' ;
R R R R VA H
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i
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estimated velocity may al so be determ ned using thernal conponent
peaks which, simlar to magneti jlﬂﬂ'ﬂmﬂmm di sk 15 24 is
magnetically recorded, occur ”mllOG The magneti c
conponent s, however, provide a hi ghér §i ghals-td- noi se r&t,li "

I'n addition ¥O8YMMkiing MR head 80 velocity, the seek“contr ol

302 keeps account of the track nunber of the 20 c ent dgéa t rack Oé’eé
whi ch theB MR head 80 |srméﬁ€c?%readba°]éls§gne ?“35 TrERgnsate
crossi ngss Daiggrddiapeiorod Bgidaheterodyniogurstep.in a track crossing
detector 230, as shown in Fi g 9, by anplitude detecting the thermnal
conponent peaks or the netic conponent dropouts in the,readback
si gnal whlch occur 3% Pasm%’{fhﬂ rask IREikeds 1IN0 F 1R (11w cVREFCH) AR 3T
recor di ngz heads1 ectronid edduilee 1hasbeator ramise amplifgdhgoar ker 106 a pul se
S generated on line 201 at the output of track crossing det ect or
230. The seek controller 302 uses current track number and track
counting to deternidfe t e mptlad afc aesditpde dn 1tdaday r3ént°r3@2 dherqin, o
nunber over whigherdde MR F9ade20ibsubesi fovneiandmpensatihg.t argeted data
track nunber which the MR head 80 is seeking. This track nunber
difference is referred to as the nunber of tracks-to-go (TTGQ and is
provi ded by the sedddcort roethed 388 recitedp in h@n%epémc't];?lﬂisofﬂet" 33,
control | e 304herdi I GacvritRE hvePage ODSW Sd ¥ FIiRe Figekrcost uobd efoBFaid
counts track crossi Ig._'.x{)ul ses present on line 201, and continues to
update the TTGTHUH signal 353. As the TTG signal approaches zero,
i.e., as the

1 35. A method as recited in one of claims 23 to 34,
2 wherein said moving step further comprises the steps of:
e | estimating the radial velocity of said MR head:
4 determining a desifed radial velocity of said MR
-5 head;
6 determining the difference between said estimated
7 velocity and said desired velocityi and
8 moving the MR head in response to said difference.
1 36. A method as recited inm claim 35, wherein said
2 estimating step comprises:
3 measuring the time difference between radial markers of
4 said disk; and
5 dividing the time difference into the track pitch of said
6 disk.
1 37. A method as recited irg‘ciaim 35 or 36, wherein said
2 estimating step further comprises the step of:
3 adjusting said estimated radial veloci ty for track runocut.
1 38. A method as recited in one of claims 35 to 37,
2 wherein said determining a desired velocity step further
3 comprises the step of calculating the number of tracks between
4 a current track and a desired track.
R oyl N “THIS SHEET HAS BT |
e -3%- REPLACED
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PCT/ US96/ 19945 MR head t track, the radial velocity
decr eases rapidly and &ﬂ mgtmg roI may switch into a settle
node - where the track f tor outputs 221 and 223 may
be used j oi wio9r24é08h t he track crossing det ector outputs fecrrssensysl ocity
estimations. The switch to settle node may be triggered if TTGis

bel ow ajcertain cgynt ,Aemﬂthodrﬁ@ fedited in one bFacieSim 35 to 38, further N€
vel oci t% pr ofile control Ih\? 353 apd uses it

r efgel veiig %g

to determ neCPRBTABEPF els&elpt 36"‘9 R e Bren%epaégﬂ &8
head vel3oci tmowsndese;m_nsdhemm a rel ati onshi p between the desired
head vel ocity and"TTG "Thi-s - rel ati onship :i's predeterm' ned and may be

tored | 0ok- d. to th t fil
cont rol fler 304, 48. A metiiSd SerfaitBrHE: 7 opnelSradtatied Biohens

provideg  of a storage system having at least one disk and at least one
3 MR head._ the method oompr1s1ng the steps ‘of:
4 prov1d1ng said disk with a ¢alibration zone having
5  surface profile variations; '
6 - movmg an MR head to said calibration zone;
7 ' 1nduc:mg thermal signals in: said MR head with said
8 surface profile variations; and ' :
S . measurmg MR head and dlSk charactenstlcs using said
10 thermal sn;nals. C c

_ 4'1_.' | A 'mét_n-qa as recited in ‘claim 40, wherein said surface
'profile variations include a first frequency pattern and a
second frequency pattern. said calibration method further
comprising thé’ steps of: o Lo
_ 1nducing thermal frequency 51gnals in said MR head
"with said first and second freqiiency patterns;
detemu.m.ng MR head thermal thresholds using said
thermal’ frequency signals.’ s

N U W N e

-

"42. A method as recited in claim 41, further comprising
2 the st.ep of storing said thennal t.hresholds in a random access
3 memory. ' - ' o

1 43. A method as recited in one of claims 40 to 42,
- 'wherein said measunng step measurJ.ng MR head axial offset and
dlSk eccentric1ty. - S

w N

44. A method as recited in one of claims 40 to 43,
wherein said measurmq "step comprises the step of averaging
absolute measurements of disk eccentr1c1ty over one revolution
of said disk. ' ' '

oW N
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15 conti nuous servo control as the th onent of an MR head
80 can be sanpl ed concurrently vm ﬁ)ﬂﬂ si gnal conponent .
Unli ke traditional magneti c serv thermal servoi ng can

reach sanpli 3 rates in excess of 100 KHz The hi gher 9§ ates
of thernal PAHROBr ovi de for 20 smal l er actuator coil ~"currénts.
Mor eover , due to the mechani cal inertia of the,actuyator J ese
smal | curlents are 45- AiMeERdEs resipreRPLRRAF SHBIMR #rﬁtf’%n"s * y

reducing 2 fagtuafoeompfkses Thee féuers adt:uat or control al | ows for hi gher

track dengi ties (appr oacﬂag %ves t%% Qg[:ii,..g&h(-){)o&tgugumd%} each MR

actuator) “and significan etection ock an
vi bration4i n ahgadkin4saiq aﬁl@ﬁ@g%rﬁyﬁ’%ﬂmrpredl ctive failure anal ysi s

(PFA) pur BOSES any dEf esbtOing dlixdife2énvli chedfiaid MR hpadsnto a,iﬁy;s1ca1
create tr

random %head ¥§t F§r é%md&a%%% a'(t21 ?E)ggggd“ggﬁg%d%&an I\%{%Zgé 80

that is ndt |i ft| ng off lﬂhEPHil‘sstMd MR headsyPiheydihah pid reference MR
It is notgd thgbalStBIpRYS:EADOEERklibdsed?énr eqiidr e6ference NRthéd® eialo

|nfornat| n be grned on the disk prior to assenbly into the disk
drive. n muPEffBPE-di sks are used, 35 the alignnment of servo
infornatlon fron1d|sk to di sk nust be taken into account. For

exanpl e, que to meclgni cah WUHANCES reciteln ideclamif a8 ,ur fhereihe ghiidks

24 and th% rmu;l_telfggegéetpﬁ head comprises said MR head with tﬁelgfargest MR

3 head axial offset.
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WO 97/ 24608 PCT/ US96/ 19945 di S®
24 in a storage device, each disk 24 in the disk pack likely has a Y
different eccentricity or runout. |In addition, mechani cal tol erances
w Il cause axial offsets between the M heads 80. Thuspcrusdehesas ati on
procedure WONREI®Rd to determine 5 i ndi vi dual di sk runout, MR head axi al
of fsets, and rotational position alignnment differences with respect to
t he radi al index mar kers 112. 1132 . To calibrate and fornmat
di sks 24 in a storage device, each disk 24 is provided with an
annul ar calibration zone 110 10 which can be | ocated anywhere on the disk
24, for exanple, at the outer dianmeter (OD) crash stop of the disk 24
or at the i nner dianeter (ID) crash stop of the disk 24. The ems
calibration zone 110 nust have a wdth at |east as |large as thes wor st
case eccentricity of the disk 24 plus the maxi num MR head axi@D 15
offset. An exenplary width is 32 tracks. o—

L.

/e
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As illustrated in Figures 11(a) and 11(b), the calibration zone 110

consists of a repeating G ay code pattern, whi ch may be equally
spaced and have six to eight bits. The Gray code pattern nay be
interlaced by bl ank space or by 20 frequency patterns 384 and 386. The
gray code pat W 9/2388 and the frequency patterns 384 aRETABBO/I9845si st
of variations in ' di sk characteristics, which may be thermally
readable. In the illustrated embpdjpnent, the gray code pattern 382 is
encoded as enbossed depressions the frequency patterns 384 and

386 25 conprise radial grooves. The MR head 80 will thermally respond
to a depression or groove with a positive spike-like signal.

It is noted that patterns illustrated in Figs. 11 (a) and 11(b) have
a linear density on the disk such that their frequency at a rated

di sk velocity is comrensurate with the 30 frequency range of the thermnal
signal. For exanple, while magneti c frequencies are typically on the
order of 100-200 MHz, the thermal frequencies are significantly |ess,
e.g., the patterns nmay have a frequency of 100-200 kHz.

A segnment of an exenplary calibration zone 110 is 35 illustrated in
Fig. 11 (a). The segnent shows ei ght tracks | abelled n-2, n-1, n
n+l, n+2,...., n+5 a four bit Gay code | abel ed {b[errh, b[err],
b[err], b[err]}, and frequency patterns 384, 386. The 2

-20-
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WO 97/ 24608 PCT/ US96/ 19945 - Gay .
code, which may be witten on 1/2 track width pitches with 1/ 4 track
wi dth of fset, are designated by .... j-2, j-1, j+1, .... In the
exenplary illustration of Fig. 11(a), the MR head 80 is |l ocated on
calibration Z49 9w%&ﬁfk n+2. As the head 5 traverses tph@nuSpaap9ssode
1/ 2 track (j+i? WO positive spikes {b[err], b[err]} result. Since
a smaller portion of the head traverses Gray code 1/2 track (j+3),

a smaller spike (b[err]) results. The 3/32 spi kes are conpared to a
threshold, and if the threshold is exceeded, a logical 1 may be

‘out put, otherwi se a logical 0 may 10 be output. For exanple, in the
illustrated enbodinent, if only spi kes (b[err], b[err]) exceed the
t hreshold, a code {1, 1, 0, 0} wll be decoded.

The Gray code 382 is processed to determ ne axial and rel ati ve head
of fset and track runout for each MR head 80 in 15 a storage device.

As not ed abope—heat—offset—anmd—trackTUMTOUtS TRy DESTOT ed 11T RANMT couplled
to the feed-forward generator 302 and used in the servo control system flor
track

----------------------

3 sector
- 128 S8kie

125 Cooling

FIG. 3




follow ng and track seeking. The axial offset of an MR head 80 is
determ ned by rotating the disk 24 through one conpl ete 20 revol ution
and reading the Gay code pattern 382 with the MR head 80, followed
by signal averaging. A thermal G ay code signal is created in the
readback si gngjo #4kdge VR head 80 as it passes over tIRCTISY199450e
pattern 382 depressions and el evations. The thermal G ay code
signal is processed to 25 determ ne absol ute average neasurenents of

di sk eccentricity or runout. Thellh3@ al head offset is determined by
.aver agi ng t he absol ute averaged neasurenents of disk eccentricity of
a conplete revolution. By doing this, the position of each MR

head 80 relative to other MR heads 80 can be determ ned. 30

The axi al head offsets may be used in multiple disk systens to
determ ne the physical track of each MR head 80 in a cylinder. It
is noted that a cylinder represents the physi cal tracks over which
t he ‘MR heads 80 are positioned. In an exenpl ary arrangenent, the
physical track zero of the MR 35 head 80 with the | argest axial offset
is mapped to cylinder zero. MR heads 80 with | ess axial offset are
mapped to hi gher physi cal track nunbers based on the | argest axial
of fset. An -21-
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exanple of this mapping for a storage system having three disks - and
siXx ‘MR heads 80 is shown in Fig. 12. The solid circles represent the
position of each MR head 80 in the calibration zone 110. The

di st ance bet-.%egqng@g solid circles and the 5  horizontal PET/IUS6IM5es ent s
the axial offset of each MR head 80 fromits physical track zero.
Since MR head nunber 5 has the | argest axial off set of 5.5 tracks,
it is mapped to its physi cal trgf¥2zero. The remaining MR heads 80
are mapped to physi cal tracks which are 5.5 tracks spaced from
“their 10 positions in the calibration zone 110. By nmapping cylinder
zero to the physical track zero of the MR head 80 with the | ar gest
axial offset, the seeking required during head switching is

m nim zed. The frequency calibration patterns 384 and 386
are 15 used for neasuring the thermal sensitivity of the MR heads 80

in order to determ ne appropriate servo thresholds t[err] and t[err] for

a given head. Servo thresholds t[err] and t[err] conpensate for
different thermal sensitivities between MR heads 80 resulting from
differences in MR el enent dinensions, recession, shield

112\\

1104

108 -

106




20 spaci ng and di nensions, MR |ead thermal conduction, etc.

To determine the servo thresholds t[err] and t[err] for each MR head
80 in a storage system the frequency patterns 384 and 386 have
serration frequencies, which, for exanple, my be equal to the
serration frequemomisems f[err] and f[err] of serrated edges 25 PCT/OPEIM] and
50[err]. The threshold calibration procedure for a mul tiple disk
devi ce includes the follow ng steps. Fqéé?? al | MR heads 80 of a
storage systemare noved to the calibrat zone 110 of their
respective disk 24. An MR head 80 is selected and its respective
disk 24 is rotated. Thermal 30 frequency magni tude responses t(f[err])
and t(f[err]) are created as the MR head 80 passes over frequency
patterns 384 and 386. Thresholds t[err] and t[err] may be cal cul at ed
usi ng thermal frequency magni tude responses t(f[err]) and t(f[err]).
For exanple, as shown in Fig. 8 the ratio of the thresholds to the
pl at eau anplitudes 35 may be a constant -based upon the assunption that
t her mal sensitivity along the width Wof an MR el ement is constant,
or the thresholds may be determned fromthe relationships: t[err] =
-22-
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WO 97/ 24608 PCT/ US96/ 19945 k[err]t
(f[err]) and t[err] = Kk[err]t (f[err]). Thresholds t[err] and t[err] for
t he sel ected MR head 80.are stored in RAM and the process is
repeated for anot her MR head 80 until threshold values for all M
heads 80 - WOW storage system have been cal cul ated. PETNISI6/19945

An exenplary cali bration procedure for determ ning the position of

all of the index markers 112 on the disk 24 surfaces in a disk pack

i nvol ves the followi ng steps. An index7/32 mar ker 112 of a reference disk
24 is identified, and the tine di fference (including head switch
‘tinme) between the reference 10 di sk 24 index marker 112 and an i ndex

mar ker 112 of a second disk 24 is neasured. This is repeated
until the tine di fference between all index markers 112, and

t herefor sectors 52, is established. °~ Advantageously, the relative
timng calibration can be perforned sinultaneously with the thernal
15 . signal calibration. Referring nowto Fig. 13 there is
illustrated an apparatus for reading an information signal having a
magneti c si gnal conponen{ _and a ernal,sganal'c

magneti c S poe nedi um sepa2MIpng t ODer |
signal 20 conpoyents from jHe lngfgﬁgtion Ygnal . AAn MR heg@d 80 is shown

in close proxim with a ace[[®r a data[SToragde]di sk 24
'I::TT
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The readback signal induced in the MR head 80 is typically anplified
by the AE nodule 202. Filtering of the readback signal by the AE nodul e

202 may al so be perforned. As shown 25 in graphical format the out put
of the AE nodul e 202, the -anal og readback signal 460, containing a
relatively hi go9724608 frequency magneti c signal conponent 46RCT/USMNIMS s a
di storted D.C. baseline due to the presence of a | ow frequency
nodul ati ng signal conponent. It |8§ ppreci ated by those skilled in
the 30 art that a nodul ated readback 3§nal 460, or nore particularly,
a nmodul ated magnetic signal conponent 46la of the readback si gnal 460
has | ong been identified as a source of a nunber of data storage
system nmal adi es, including servo control errors and i naccuracies, a
reduction in data stjoring and retrieving 35 reliability, agd, in sone
cases, an irretrievable |oss of data. It has]been
di scovered by theesnventors that the readback signal 46Qegs a
conposi te signal Eo ri sing 23-
I
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i ndependent nmagnetic and thermal signal conponents, and that the | ow
frequency nodul ati ng readback signal baseline is in actuality an

i ndependent thernmal signal conponent of the readback signal 460. It
has further khggy gﬁb@rm' ned by the 5 inventors, as will al perBspsdbsasussed
in detail hereln%e ow, that the undesirabl e readback signal 460 .
nodul ati on can be elimnated or substantially reduced in
magni t ude, thus provi ding for aQ/®2 nmagnetic signal representative
.of data or servo information. 10 : In Figs. 14 and 15, there
is respectively illustrated a distorted readback signal and an

undi storted readback si gnal restored by a signal _
separation/restoration  yodul e 476 as shown in Fig. 13. The signa

dul e 476 processes the readback signal 460 to
si gnal baseline, afyshown ifFig. 15,y

urjdesi rabl e basel i ne nodyl ation, 3t hereby proYucing a
i c signal 461b. i s notfed that the $ignal
4-@ genergly r t he N re dback
us of the servo deewdul dldNustraged in

he readback si gnal

rmal signal is

separation/restorati ol
restore the readback
elimnating the

pure, unpertur
separation/restorati
signal filter apmar

The i ndependencegof

denonstrated by %he shown i neRd 9. ] o e .8
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17. The waveform shown in Fig. 17(a) represents the thermal 25  signal
extracted froma conposite readback signal using an MR head and a
digital filter configured as a | ow pass filter. After the waveform
shown in Fig. 17(a) was obtained, the track fromwhi ch the waveform
was gener at edwwesnasts) ect to AC erasure. The sane MR heRCTEIHMEd t O
the sane track | ocation 30 of the erased track to obtain the waveform
shown in Fig. 17(b). It can be seen that the extracted thermal signal
shown in Fig. 17(a) and the r e Sk signal derived fromthe erased
track shown in Fig. 17(b) are substantially identical. The two
wavefornms pravided. in. FEig 17 poidddf—thotm—they two 35
sinmultaneousfy read thernal] and | magnetic signalgs are

i ndependent fand separ abl e. *04-
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Referring to Fig. 16, there is illustrated an enbodi nent of a signal
separation/restoration nodule 476 di scussed previously with respect
to Fig. 13. It is to be under stood that the signal

separ at i on/ r egjgyrkdeg@n nodul e 476 may be enpl oyed to prEfo§sg6dis
single task of separating the ' | ndependent nagnetic signal fromthe
readback signal 460 in order to renove the | ow frequency nodul ati on
conponent of the readback signdl/380 attributed to thermal si I

i nfluences. I n anot her enbodi nent, the signal separation/rest tion
nodul e 10 476 may be enpl oyed to pe.rf.ormthe dual tasks of separat==g the
magneti ¢ signal conponent fromthe readback signal 460 to  “renove |ow
frequency thermal signal conponent, and, in . addition, extract{8} the
t hermal signal, thus making avail able - for subsequent processi bot h
the pure 'r'mgnetic signal and 15 ~pure thermal si:gnal in independent=sorm
As shown in Fig. 16, a readback sjgnal ig sensed by t he MR head} 80
situated in close groxinitly with | magnefic datg;, st or agq di

one enbodi nent, a rjeadbacK signalfrecei ved- from ti e Al
fromthe MR hea_d 8Q is corverted from 20} anal ¢g form

an anal og-to-digit4dl conv:rter 204 The d?gi tized

t hen comuni cat ' IaL/d ce 496 afd thp a
488. The = priogr bl e | er z‘.l:88 I sea fifnite i
filter having a lergth N, ere l\ represgnts th¢ nunber
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25 i mpul se response coefficients or taps of the progranmabl e filter
488. The readback signal applied to the input of the pr ogr ammabl e
filter 488 is subject to a total signal delay corresponding to the

| ength N of the programmable filter 488 as the readback signal passes
t hrough t he pwegpsmeesbl e filter 30 488. | n REBUIIWES Wi t h
this enbodi nent, the programmbl e filter 488 is progranmed with
appropriate tap coefficients and ights so as to pass the relatively
| ow frequency thernal si gnal conﬂgﬁgat of the readback signal and to
filter out the 35 rel atively high frequency magnetic signal conponent.

As such, the programmabl elfilter 488 isl configured as a | ow pass
filter and progranmed to pass the thernal signal which can be
-25-. WD 97/ 24608 ~
PCT/ US96/ 19945
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generally characterized as a nmedi um frequency. signal with nuch of its
energy in the frequency range of approxinmately 10 kil ohertz (KHz) to
approxi mately 100-200 KHz. It is noted that t he magnetic signal
conmponent of the readback signal has a 5 frequency rangi ng between

appr oxi mat el ?99 ahertz (MHz) and 100 MHz. The- 't RCTAE6/18945 nal
480 at theoP of the programabl e filter 488 is comrunicated to a
si gnal summ ng devi ce 490. Fr_o%out put of the programmuable
filter 488, the thermal signal y be transmtted to other
conponents 10 in the data storage system such as a servo control for
" purposes of controlling track follow ng and track seeking . operations.
The del ay device 486 receives the readback signal 460 fromthe

anal og-to-digital converter 204 and delays the 15 transm ssion of the
readback signal to the signal summing devi ce 490 by 'a duration of
time equivalent to the delay tine: required for the readback signal
460 to pass through the progranmabl e filter 488. As such, the
readback signal 460, contai DISK bot h BIBKtZ2 c an®lSKeBnal si gnal

conponents, and the 20 td h sigrﬁll 48ﬁ ext gact eﬂ fromgthe readback
signal by the prograw%ﬁ-@&—%&—%&e—&t—(—h@—gg;m sunm ng
devi ce 490 at substx iall y t he sama t,l me. iThe signal -sunm hg device
490 perforns a denodul au: operatron on tnhe readbaCK srgnar 460 and

thernmal signal 480 t& pEbdytea s 8. Thus,

t he signal separati og’ r&tofatiog modul e 47g ¢ illustratied inlthe
enbodi nent depi cted gn Fi f} |15 PrOVE teE T oT, — v . :
2 22—FH—p—+——+—F——
o o : ' A i E i
VAR 4TS
¥ -1 —tt \ +—— : d
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t he separation of the magnetic and thermal signal conponents of a

conposi te readback signal and, additionally, produces a non-di storted
restored nagnetic readback signal 478. For nore 30 details on designing,
i mpl ementing, and programmng a FIR filter for use in the signal
separ ati on/ r esiepdisbogn nodul e 476, reference i s made t aPEIAIS96/19945
| feachor, B.W Jervis, "Digital Si gnal Processing” (Addi son-Wesl ey
Publ i shi ng Conpany, Inc. 1993). Sg 2 Returning to Figs. 14
and 15, the nodul at ed readback si §MEP2 460 shown in Fig. 14 represents
the appearance of the readback signal prior to being processe1*gy
the signal - 26- WO
97/ 24608 PCT/ US96/ 19945 ":
separation/restoration nodule 476. The representation of the rquback
signal in Fig. 15 is a show ng of the readback signal —
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of Fig. 14 after being processed by the signal
separation/restoration nodule 476. The undesirable influence 5 of the’
“thermal signal conponent of the distorted readback signal shown in
Fig. 14 was elimnated by enploying a 9-tap FIR filter in the signal
separation/regtg | on nodul e 476 in order t o producepdtiessrssdsdr ed
magneti c r eatiBa gnal 478 shown in Fig. 15. The magni tude and
phase characteristics of the 9-tap 10 FIR filter utilized to produce the
restored magnetic readback si gndh/328 shown in Fig. 15 are
illustrated in Fig. 19. In particular, it can be seen in
‘"Fig. 19 (b) that the O-tap filter exhibits perfect |inear phase
response over the frequency range of interest. The effectiveness of
the 9-tap 15 FIR filter in elinmnating the baseline shift or nodul ation
of - t he readback signal is denonstrated in Fig. 18. Fig. 18(a)
shows a readback signal denonstrating an unstable or tine- varyi ng
baseline. In Fig. 18(b), the nodul ati ng baseline of t he readback
signal apparent in Fig._18(a) has been elimnated 20 after passing the
di storted "readback signal -through an appropriately programed
O9-tap FIRfilter. The t wei ghts for : the 9-tap filter used to
restore the baseline of 'Ne readback -~ ; signal was defined to include
tap wei ghts of: Bt T="17 o (- &, -17 -1, N 8 -1,
-1, -1, -1), 25 ST SO S-S o] G S B :
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The waveform shown in Fig. 18(c) was produced by passi ng the

nodul at ed readback signal shown in Fig. 18(a) t hrough a conventi ona
hi ghpass Butterworth filter, which is 30 a single-pole highpass filter.
It can be seen that the undesi rabl e nodul ati ng basel i ne of the
readback si gngjg bfiz4e6 significantly reduced in magni t URET/E896/e9945
passi ng the readback signal through a conventional highpass filter
As previously indicated, the magnitude and fhase 35 characteristics of
the 9-tap FIR filter used to restore t hdb/3

-27- WO 97/ 24608

PCT/ US96/ 19945 basel i ne of the readback signal as shown in Fig. 18(b)
are

6

5

I

ol §od = e §o Qo o} § 2§ 4+

FIG. I5

3
Time (microseconds)

Amplitude (Volts)



respectively shown in Figs. 19(a) and 19(b). It can be seen in Fig.
19(a) that sone degree of ripple nmay occur in the passband of the .
filter which may be elimnated by applying a 5 w ndow function to the tap
wei ghts of the 9-tap FIR filter. By way of exanple, a Hamm ng w ndow
can be app-l-.:_i.f,g LAsbd'e tap wei ghts of the 9-tap FIR filpeT/usssngmsduce a
wi ndowed resY8ra filter having the follow ng tap wei ghts:

b(i) = (-.0089, -.0239, -.06, -.0961, .8889, -.0961, 10

-.06, .0239, -.0089) The out put 1d#32he 9-tap windowed FIR filter

havi ng the above- listed tap weights results in the elimnation of the
“ripple as showmn in Fig. 20(a). As further shown in Fig. 20(b), the

wi ndowed 9-tap FIRfilter retains its perfect |inear phase 15 response.

It is noted that applyi Qg&wi ndow function, sucBa as a Hamm ng wi ndow,

to the tap weights of t[gawo r@mable FI = _,BEter 488 allows for a
ﬁéy&e in B 22
RE25

non-zero DC gain and so :\ng%uency response.
Turning now to Figs. 23- ere is illustr anot her enbodi nent
ES®M. In the design of an

of a signal separation/rigE#=ti on modul e
AE nodul e 202 as illustratgd in Fig. 13, ,it is often desirable to

i nclude a highpass filter ijn conj unction‘vm'th a preanplifier for

pur poses of rejecting the. relatively low|frequency signal content of
t he conposite ' '
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25 readback signal produced by the MR head 80. The hi ghpass

filter of the AE nodule 202 distorts both in anplitude and phase the
t hermal signal conponent of the conposite readback signal. The

magni tude of the thermal signal distortion due to t he hi ghpass filter
vari es i n sewspishgasdependi ng on the 30 frequency and phas@Qraspesi9es of
the particul ar highpass filter enpl oyed. By way of
exanpl e, a highpass filter suitable for use in an AE nodule 202

my have a cutoff frequency of 18432 approximtely 500 KHz and exhi bit
.non-1inear phase behavior. 35 The frequencies associated with

head-t o- di sk spaci ng changes, however, typically range bel ow 200 KHz.
Mor eover, the thernal - 28-
WD 97/ 24608 PCT/ US96/ 19945
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signal of a readback signal typically has a frequency ranging bet ween
10 KHz to approximately 100 KHz. It can be appreciated . that a highpass
filter having a cutoff frequency of approxi mately 500 KHz wi | |
significantly distort the anplitude 5 and phase of the thermal signal
conponent ofv@? 1 eadback signal .- The magnetic signal pepriaedR9is Of

t he readback %Wﬁ : however, remains unaffected by the highpass
filter since the frequency range for the magnetic signal is generally
sonme 20 to 40 tines that of théi@fg@pass filter cutoff frequency. 10
In Figs. 23(a) and 23(b), there is respectively il lustrated graphs
"showi ng the magni tude and phase response of the highpass filtering
behavi or of a typical AE nodul e 202. The hi ghpass filter has a cutoff
frequency of approxi mately 500 KHz. The transfer function for the

hi ghpass filter having a 15 single pole at 500 KHz and the magni tude and
phase response Illustrated in Fig. 23 can be defined as:
H=[err] [ 1] wher e: b[err] (1) =
. 9876 20 bl[err](2) = -.9876 aferr](2) = -.9752
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The distortion to the anplitude and phase of a t hermal signal

I ntroduced by the highpass filter of the AE nodul e 202 is effectively

el imnated by use of an inverse 25 filter having a transfer function

i nverse to that of the hi ghpass filter. Passing the readback signa

out put from t Rep 9724608 AE nodul e 202 t hrough the inverse filt eicwesséioes t he

t her mal signal to its original form both in anplitude and phase. For

exanple, the transfer function of an inverse filter for 30 condi tioni ng

a readback signal passed through a hi gBPd32 filter havi ng t he

above-described transfer function of equation [1] I S:

Herr] =[err] [ 2] - 29-
=
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The magni tude and phase response for the highpass - filter of the AE
nodul e 202 and the i'nverse filter described above are respectively
plotted in Figs. 24 and 25. In particul ar, the nagnitude response
of the inverse filter and 5 t he highpass filter of the Apcumwssd/994802 is
respectivelyvg%% as curves 570 and 572 in Fig. 24. The phase
response of the inverse filter and highpass filter is respectively
shown as curves 576 and 574.  21/32 ~In one enbodi nent, an
infinite inmpul se response (IIR 10 filter is programmed to respond as an
“inverse filter for purposeswgi restoring the thermal sign content of
a hi ghpass filtered readbac ignal. Although an anal og | ter can be
enpl oyed in an alternative enbodi@®nt, an IR filter provides a nunber
of -advantages well-suited for usé™as an inverse filter 15 f®™ pur poses
of restoring the anplitude and p e of a thermal sigrﬁﬂ(iy storted by
t he highpass filter behavior of t AE nodul e 202. -~
The si gnal rom1diagran1iLIustra3§g in Fig. 26 is represgntati ve of a
first order IR filter configured as¥san 20  inverse filter.
coefficients assocfarteda w i one. si pial -f{ow griaph of; Flg.kzb for a
first order Il R inyerse filter having a tfansfer fundtion §iven by
equation [2] above}are: P : afprr] = .9876
| .. ........E....;....- M . : [1a
boccosenefes ; .......... E oo b ‘“' . ‘“- 2
: ‘8 E@
] g
i : |G N3
------------------- :-- [REX] ﬁ-: H h
s g -
’ b
E -
......... ',...-...---:3...-.---.- H" [eeecsrrofonssraresnatguineoiod ofgud
| \n
................... Breecsriena o- . i ARRSES STALMIILE SIS TEE, PO
i o i i —o
= 0 R
i (= )

o . |
Magni tude - -*1' _ Phase (Radians)




aferr] = -.9876 25 bl[err] = .1 b[err]

= -.9752 In Fig. 28, there is illustrated three waveforns
t hat denonstrate the effectiveness of the inverse filter for
restoring the original anplitude and phase of the thermal 30 si gnal
conponent ' of wip §2asdeack si gnal that has been passed t HRGRI6/29945

hi ghpass filter. In Fig. 28(a), there is shown a readback signha
detected froma pit in a data storage di sk surface. The readback

signal shown in Fig. 28(a) was detecte22/32 froma track witten at a 20
.Mz wite frequency. The readback 35 signal was sanpled at 100 MHz with

8-bit resolution. The graph shown in Fig. 28(b) represents the
cal cul at ed peak-t o-peak magni t ude of the readback signal of Fig.
28(a). The signal shown in Fig. 28(b), accordingly, represents the
magneti c - 30-
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spaci ng signal 560 which clearly shows a | oss of nagnetic si gnal due
to the MR read el enment passing over the pit. Figure 28(c) illustrates
the thermal signal conponent of the readback signal after having been
. passed thr OU%JMI ghpass filter 550 5 of the AE nodul ®#CXIA1596/1994% can
be seen by c arrng the wavefornms of Figs. 28(b) and 28(c) that the
magneti ¢ spaci ng information and thermal spacing information do not
cor r espond closely with one anotZ®f3decause of the distortion to the
t hermal signal conponent caused by the highpass filter 550, 10 which has
"essentially differentiated the thermal signal. For .nore details on
desi gning i npl ementing, and programming an IIR filter for use as an
inverse filter, reference is nade to E. C | feachor, B.W Jervis,
"Digital .Signal Processing" (Addison- Wesl ey Publishing Conpany, Inc.
1993). In Fig. 29, the thermal spacing signal 562 processed
by the inverse filter 556 and mean filter 558 is illustratged . t oget her

wi th the magnetic spacing gnal 560
filter 552 and | og device 554. It is I
magneti c spacing signal 560 is typi l cul ated by taking the

| ogarithm of the peak-to-peak signal hen mul tiplied by the known
sensitivity of the out put vol t ay ha ge/t o magneti c spaci ng change

in accordance with t he wel |l -kno e equation. It can be seen in
Fig. 29 -

passed

hrough g1di gi tal
the |[inearized

707a

1 47053
4 601

A\

501a
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that except for a difference in signal height and a slightly 25 | onger

ti me .constant associated wth the thernmal spacing signal 562, a
magneti ¢ spaci ng signal 560 and thermal spacing signal 562 describe a
di sk surface pit. Thus, the integrating effect that the inverse
filter 556 ongwidwndéegt orted thermal signal shown in Fi (PCTAHYE}9945
provides for a correct thermal spacing 30 signal 562 to be produced.
Referring to Fig. 27, there is shown in block diagram forma system
for processing a readback signal to obt24i/3 magnetic and therma
head-to-di sk spacing information. A readback signal is detected
fromthe disk surface 24 by the MR 35 head 80. It is assuned that the
readback signal is a conposite si gmal containing both nagnetic and

t hermal signal conponents. The reafback signal detected by the MR head
80 is conmuni cat ed -31- WO

97/ 24608 PCT/ US96/ 19945
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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 modul e 202. In
general practice, however, the highpass filter 550 is incorporated into
t he AE nodul e 202. The transfer 5 function of the highpass filter is
denoted as kier;*u The out put signal from t hgetrussenssas
filter 550 | WO 6"ganp'l.ed by an analog-to-digital converter 551 to
Create digitized sanples of the highpass filtered readback signal

The digitized readback signal is then285f32unicated to the 10 i nverse
filter 556 which corrects for the distortion introduced by the

"hi ghpass filter 150 of the AE nodul e 202. The transfer function of the

inverse filter 556 is denoted as Herr]. The nean of the signal passed
t hrough the inverse filter 556 is obtained by digital filtering using
a mean filter 558 to produce a 15 thernmal signal which is linearly
related to the head-to-disk spaci ng. The readback
signal provided at the outpugfof the: anal og-t o-di gi converter 551
may al so be comunicated to digital filter 552, s as a FIR
({zipeak-tq-peak anpl i tude of 333 r eadback
fromthe

filter, that extracts the 2

signal so as to extract he magnetic signal conpone

readback signal. The $£§¥uithn1bf the magnetic signgk i s obtained by
passi ng the magnetic s al through the | og device , Which
produces a ~magnetic sipgpal that - is linearly relatedfgo the
head-t o- di sk 25 spaci ng. Exaﬁgg ng extracted both the magnetic and
t her mal - R r o,
................ , wo
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can be

only depends

i mportant to note

signals 560 and 562 are
t he

of the present
merged MR
Il lustrations are not
WO

MR head i s provided.

si gnal
in a typical

-32-
PCT/ US96/ 19945

The MR head includes a pair of

S
di sk spaci ng (Yy) PCTNIS96/19945

t he ther nual

cal i brated since the magnetic calibration is known and

It
26/d2nent s
21 and 22. The
rather are provided to illustrate the relative

spaci ng 30

respectively,
Fi gs.

in

but

a brief discussion of a conventional
illustrated

In order to nore fully appreciate the various aspects
IS

on the recorded wavel ength of the signal.
The general |ayout of the principle 35

spaci ng signals 560 and 562,

that both the magnetic and therma
linearly propgplorgsses to the head-to-
vari ous MR head el enents.

orientation of

drawn to scal e,
97/ 24608
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shields 601 and 603. An MR elenment 602 is | ocated between the shi el ds
601 and 603. The MR el enent 602 operates as a read el enent of the MR
head 600. 5 El ement 603 in conjunction with el enent 604 forma
thin filmmgnetic head functioning as a wite elenent for the MR
head 600. El enent s 603 and 604 operate respectively as  perukégn®desand
second nagneWVPS? s of the thin filmwite elenent. " "The dua
function of elenent 603 (i.e., acting as a first pole 10 of the wite

el enent and as a second shield) resul tgzfgp the merged nature of the
MR head 600. Insulation |ayers (not shown for purposes of clarity),
"such as glass, are typically fornmed bet ween the various el enents of
the MR head 600. As further depicted in Figs. 21 and 22,
the first 15 shield 601, MR elenent 602, and second shield 603 extend
upwar d fromthe surface 501A of a disk 501 in respective vertica

pl anes. The second pole 604 is not showmn in Fig. 21 for pur poses of
clarity. The planes of the elenents are illustrated parallel
running in the direction of the plane of 20 the page. In the
illustrations, the plane of the first pol e/ second shield 603 is

cl osest, followed by the MR el enent 602,_with the firgt shield 601
bei ng furthest af@y. A so deplcted' are the negative and positive MR

| eads 701A and 7P1B, : respectivel y Thesée | eads @are forfrd in a pl ane
between the 25 | firsti.shield.60QL.. \id 1.he. fii.rst...po).e/.secand@ shiel d 603.

The | eads JfO1A and 701B @are elextrlcally coupied ‘to tWe MR el enent
602 in a known npnner and operate if ¥ He norimal fashi on.
1 TR Gerracerenens Geernaenen T PP besrsenniiins fernens e

-';.; ........ .; ........... _.i..., ..... __;..;... secsseas ;..... ........ Joonese Yraee o U} ._
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Frequency (MHz)
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Connected to | eads 701A and 701B, are extended |eads 705A and 7058,
respectively. The extended | eads 705A and 705B have 30 connecti on

points 707A and 707B which are respectively connected to | ead
wires 709A and 709B which, in turn, are connected to a preanplifier
nmodul e 711. - wo 94608 The physi cal phenonena that generRCHESH618945
t her mal vo?%age response v[ierr] across the MR head el enent 602 is that
as 35 t he i nstantaneous head-to-di sk spacing increases, there is nore
air space between the head 600 and the 28/32 surface 101A causi ng the
.MR el enent 602 to heat up. This heating cause the
- 33- RM95- 083P MR head 600 resistance to increase
due to the positive tenperature coefficient of the materi al
constituting the MR el ement 602. For example, permalloy has
tenperature coefficient of +3 x 10[err]/C as nentioned previously.
At a
x(n) by a4 y(n)
- o= ——T»—qt —- WF —
- | -1
271 L 74
by %
x(n-1) — ~— y(n-1)

FIG. 26
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5 constant bias current, the voltage v[err] across the MR el ement

602 resistance will increase. If the MR elenent 602 cones in cl ose
proximty to the disk surface 501A, nore heat transfer will occur
bet ween the MR el enent 602 and the di sk surface 501A causi ng cool i ng
of the MR elenent 602. The resulting lowering 10 of the hﬁk?ﬁﬁgmﬁggs
resi stance wi WMO978488 t he voltage v[err] across t he ‘el'enent” 602
at a constant bias current. It will, of course, be
under stood that various nmodi f i cat4 and additions can be made to
the enbodi ments di scussed herei e. For exanple, t he novel
servo 15 posi tioning nmethod and apparatus nmay be enployed in systens
enpl oyi ng optical dga disks, or disks having spiralded or ot her
non-concentric trac kconfigurations. R
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Cl ai s 1 1. A storage device, conprising a nmagnetoresistive

(MR 2 head (80) and a storage nmedium (24) nounted to allow relative 3
novenent between said MR head and said storage nmedium said 4 st orage
medi um i ncl udi ng servo information (106, 108) that 5 i nduces a

thermal response (119) in said MR head; characterized 6

& 8&@, 9d450! | er
(200, 302, 3WP9734&8 308, 310, 312, 314, 316, 7 318, 320, 2, 340)
provided to control the relative novenent 8 bet ween said MR head and

1

sai d storage nedi um usi ng said thernmal 1{4% response in said MR head.

2. A storage device as recited in clé' ? wherein said 2 st or age
“medi um (24) conprises a nagneticedi sk (24). 1 3. A gorage
device as recitefl | aim 2, whirein.said 2 serVo F=nfornatt on (106,
108) conpri ses profife “variatiohs (106,3498) of said
maghetic disk (24). 1 " “storage flevice agafecitpd in claim

3, wherein said

. - .
jass lSoooon -'_oo"r-'1 ‘u“\ —--océou - a-n-'&
v :
! :
& i
e 8 -'h.-d'g —--=Ea-.o -: - &N
: | P
: a P 3 O
N : : in — N
o 0 00 o XK Dt = X3 XX i- o o] ey g .
J v .
9 : : - 9
) " s, '
: Lol i . L.
: S :
: : :
— :'.'o-o- -'. i -.:ooo . - 2
: s R =
: R
: D B
— e -.i-- * o -o-.-‘::n : s oomd LN
S :
I e :
P . :
= é é o° - it
wmn n
w = g 2 1

Amp. (mv) e | Amp. (mv)



2 disk (24) includes tracks (50) separated by said surface 3

profile variations (108). 1 5. A storage device as recited in
one of clains 1 to 4, 2 wherein said controller (200, 302, 304, 306,
308, 310, 312, 314, 316, 318, 320, 322, 340) includes a denndulator

(200) 4 dto extract sai d thernal response (11gp,
readback si g% % 6. A storage device as reC| te?‘l n

claim5, wherein said 2 denDduIator (200) includes a heterodyne
circuit (210) 3 configured to extrgéy%?requency conmponents (217, 219)
.of said 4 t hermal response (119) A disk (24) for use
In a storage device having a 2 nagnetore3|st|ve (MR) head (80),

conpri si ng: - 35-
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' R0O995-083P

RMA95 -083P 3 a plurality tracks (50), each track having
an i nner 4 dianeter (ID) edge (50[err]) and an outer dianeter (QOD)
edge 5 (50[err]), said ID edge and said OD edge of each of said tracks

6 bei ng thermal | y distinguishable by said MR head. 1 ' 8. A
di sk as reciR 23R4 T1%er 8RhasaPHOFRIGNAAERKS 2  TR)eFTAHG] emmle
S0[err]) havwermsaraldy @ivided (neerd ailthenRs iVoldsactdrs, ifBleddieGeReY

(fLerrl) ond Aessrand, | reosey (L ol i 8eds, | EHCTSY hE0
in claims8, iwfemiation |Tadye 12 typkealhy i des bfnaved ofosabdoriagkdatag)
P onfoD AR TGP fie1q8, BnBdhACONACCIdEy S BULYS! Bl o
said first iZentiffisqideny endesvprhronigatdosaiiafosvendot: efosnegample.
(flerr]). pata is transferred to, and retrieved from, specified track and
sector locations by the transducers which follow a given track
and move from track to track, typically under the servo control
10 of a controller.

The head slider body is typically designed as an
aerodynamic lifting body that lifts the MR head off the surface
of the disk as the rate of spindle motor rotation increases,
and causes the MR head to hover above the disk on an air-

15 bearing cushion 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.

Writing data to a data storage disk generally

20 involves passing a current through the write element of the
trangducer assembly to produce magnetic lines of flux which
magnetize a specific location of the disk surface. Reading
data from a specified disk location is typiéally accomplished
by a read element of the transducer assembly sensing the

25 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 signals in the read element. The

30 electrical signals correspond to transitions in the magnetic
field.

- EP-A-0 353 852 discloses that friction between a
magnetoresistive (MR} head and the storage medium surface
causes temperature variations in the MR head, which in turn

35 cause disturbances in the read out signal from the MR head.

Conventional data storage systems generally employ

a'closed-loop servo control system for positioning the actuator

-2-
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' R0O995-083P
1 11. A disk as recited in one of clains 8 to 10, wherein 2

said serrations have square wavef orns. 1 12. A disk as recited
i'n one of clains 8 to 10, wherein 2 sai d serrations have si nusoi dal
wavef or ims. 1 13. A disk as recited in one of clains 8 to 11

wherein 2 an@araaﬂ/ﬁﬁkte(scﬁnaﬁeceepatatedebyfsadfamerpgeﬂﬂdeaﬁmdmﬁiqﬁm
3 (108). theldata stoﬁ%% sk %%ffﬁétﬁgrhglddﬂﬂgl ?¥Q§ mr1 al d
a |ons i ca in

surface 2 pr of | var i 108) conpti se t opograp
3 di sk (ﬁgem{m@ a servo transduger, jgeneka by reeuneed mom@acﬁe dihai s

8 to 14, whefeidywrite tainddhidess,add, W&%thﬁ%(%‘f'lﬁ%o%ﬁbﬁgﬂad 55;&54%

have serratlon cycles 3 being a power of two
disk as recited in one of clains 8 to 15, wherein 2 said serrations
align radially.

-2/1-
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) RO995-083P .
-36- RO995- 083P 1 17. A disk as recited in one of

clains 8 to 16, further 2 conprising a calibration zone (110) having a
pattern (382) of 3 gray code readable by said M head (80) for nmeasuring
disk 4 eccentricity and MR head axial offset. 1 18. A disk
as recited | iREPERALION \Hema ) sai FQr §presase 2the (VBNo cofpnadss the

depr essi ons m@gﬁétﬂzgtﬂm dlrélctlon of tA& raifsél PoASd, é‘%‘;'ahﬁdth? xfc A 48

or 18, mhereln sa i on zone 0) inclu a du requency

11
pattern (384" b %0%% abF bf}‘agéﬁe&lr@%trir@é’d PBOTeFdr 1A¥adUeEnf kTRt
thermal 4 mag;:eeamzingtt;he:)fem:alrté dRskettl.one direction using a high-field

5 magnet. Then, a conventional write head is used to magnetize
the raised areas in the opposite direction. Similarly, EP-A-0
590 676 discloses a storage medium including profiled servo

information.
While use of a PERM disk may increase disk capacity,
10 such an approach suffers from a number of shortcomings. Servo

information is provided on a PERM servo disk in .a two-step
magnetization process, as described above. This significantly
increases the amount of time required to write servo
information to the disk. Moreover, during the second step of

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

20 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 research level, has not
been widely accepted by industry.

25 There exists in the data storage system manufacturing
industry a need for a servo information format which is
inexpensive to provide and which optimizes.the data capacity
of a disk. The object of the present invention is to address

these and other needs.

30 Disclosure of Invention
The present invention solves this object by a method

and apparatus for positioning a magnetoresistive (MR) head
relative to a storage medium in a storage device. The storage
medium is mounted in the storage device .to allow relative
35 movement between the MR head and the storage medium. The

AMENDED SHEET
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1 20. A disk as recited in claim19, wherein said dual 2
frequency pattern (384, 386) includes a first pattern-(384) 3 . having a
frequency (f[err]) equivalent to said first serration 4 . frequency

Caubval bnt | PEOTARE SEEONR SERATICon S d T iy jproviqed € inayge

di sk as recat elermadl aeapdfsewhereia Mruilkadlial A 2ontrbildgquenontpaisethe

(384, 386) conprises radial grooves. 1 22. A disk as recited in
one of clainms 17 to 21, wherein 2 said calibration zone (110) has a
width at |least as large as 3 di sk eccentricity plus maxi nrum head

al i gnnent of f set. 1 23. A nethod of positioning a

magnet oresi stive (MR) head 2 (80) relative to a storage nedium (24),

t he nethod conprising 3 the steps of: 4 i nducing a
thermal signal (119) in said VMR head wth 5 said storage nedium and 6
novi ng said MR head in response to said thermal 7 si gnal

24. A nethod as recited in claim23, further conprising

-4/1-
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. R0O995-083P .
2 the step of extracting said thermal signal (119) froma 3

readback signal (81, 209) of said MR head (80). T
- 37- RO095- 083P 1 25. A nmethod as® regited in

claim 24, wherein_ sajd 2, extracting further conprises the'step of:

3 MR ete3| YU EEFLHE2RERd EPeriRgTeASaldUeL10P obhqairpsigive MR
head (80). tempdrature cod@ficfefiet b@d tafe regtéedal NcehakMtdbinyhaml n@n
adapti ve 2 240) _is, used_for id restoring.

i nver filt r?er( 1
27. A net h%heﬂgngecﬁﬁéd in ?‘r of IR HE- 23pg5m§§ioy Z%as\/\he’?%i‘iheﬁaafr‘ﬂre
movi ng st epcdeffheienonpti ses e syep ods meBtioned previowsher at png £
first é)utput éZZlg i’)n response to g _
constan las current, the voltage vy, across the MR element
602 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 disk surface 501A
causing cooling of the MR element 602. The resulting lowering
10 of the MR head 600 resistance will lower the voltage v, across

the MR element 602 at a constant bias current.

It will, of course, be understood that various
modifications and additions can be made to the embodiments
discussed hereinabove. For example, the novel servo

15 positioning method and apparatus may be employed in systems
employing optical data disks, or disks having spiralled or
other non-concentric track configqurations.

~-34 -
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4 first frequency conponent of said thermal signal (1le_§gg_g_— 5
second output (223) in response to a second frequency conmponent

said thermal signal, wherein said noving is in re sald

out put s. 1 28. A method as reci ted | ﬂﬂigmmm“““lmu' n said
novi ng 2 step further conprises thelaimg

providing a first value in response to said flrst and g I second

conpar at or out put.s vi di pg, a secon va ue representing
NRnﬁea axi al P é” o#??@?rgﬁﬁ ﬁﬁgkc?udﬁﬂﬁprlégﬁg a magnetoresigdiiyg ¥R
first \2al ue heedl sE@0) seuwbrd stairage meSium (24) mountREOYodaNUoWheesH®:ob

I d di t 3 fqQr posit on| sai d 0).
g € 29N nYgiR et BENEn a2iq s b B S FLGRRIE Fedhm 55atd
gener ali ng §@9§&qgtm@¢1@®nﬁnCéE§ln§e&ﬂnmm bhfogmation (106, 1G8)er atgmi ng

sai d r gadbaglyasicaak ﬁﬁémgﬂgﬁeé’ﬁdrﬂié‘ (419) 5.#1 %51@%& 'de%tdqrﬁﬁgﬁ%gaﬂaaad a
second oscillator fre
readbalk si §¥aP CORET %é£§$y6200:téoaevépép 386bd ﬁpﬁst3éﬁd §é§0naléhe3hﬁb
si gnal 7freqeescy 320, 3eenpgaent prowided?d8) control the relative movement
8 between said MR head and said storage medium using said thermal
9 response in said MR head. '

2. A storage device as recited in claim 1, wherein said
storage medium (24) comprises a magnetic disk (24).

-1 3. A storage device as recited in claim 2, wherein said
servo information (106, 108) comprises surface profile

3 variations (106, 108) of said magnetic disk (24).
1 4. A storage device as recited in claim 3, wherein said

disk {24) includes tracks (50) separated by said surface
profile variations (108). '

5. A storage device as recited in one of claims 1 to 4,
wherein said controller (200, 302, 304, 306, 308, 310, 312,
314, 316, 318, 320, 322, 340) includes a demodulator (200)
configured to extract said thermal response (119) from a
readback signal (205).

& W N s

6. A storage device as recited in claim 5, wherein said
demodulator (200) includes a heterodyne circuit (210)
configured to extract frequency components (217, 219) of said
thermal response {(119).

W N e

7. A disk (24) for use in a storage device having a
2 magnetoresistive (MR) head (80), comprising:

-35-
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1 389998 88Kod as recited in claim 29, mher
‘generating step further conprises the step of: U“llimnmn ‘1““‘
« 38- 3 conparing said first an

signal 4 frequency conponents (217, 219) wth first and .secqnd;5

pr edet gr mi ned threshohdpiﬁkaﬁitQtEﬁééks ?Bgfr]éaEﬁ 9§Q8k3ﬁ§v§§éd % L1 Cfalnl

and se ond Qut puts ( ﬁr as recit
29 or Fg‘ﬁﬁeé'al vy g@ﬁerﬁ:—tqrn)g &réo ?%rpﬁérerco‘i]rﬁm%‘é%rt HODdt epdaef :

3 5 t (soonarrplsafilxq ﬂ@S@dqie raf@lbsélaiédsognéagé%)f ach of said dtraclasb ’
conpensating s Ltie na i ng sai d readbac
S|gﬁalg 20@? ﬁ ﬁ?ggwaiéﬁ %ﬁg ?%ﬁg ga%léag%a?aféogg ﬁ??@r ?o sai d

heterodynlng st ep.

1 8. A disk as recited in claim 7, wherein said ID and OD
2 edges (50, 50,) have serration, said serrations having a
3 first frequency (f,} and a second frequency (f;), said first
4 frequency being different from said second frequency.

9. A disk as recited in claim 8, wherein an ID edge

1

2 serration of one of said tracks (50) and an OD edge serration

3 of an adjacent track have equivalent frequencies.

1 10. A disk as recited in claim 8 or 9, wherein said first

2 frequency (f;) is twice said second frequency (£f,).

1 11. A disk as recited in one of claims 8 to 10, wherein
said serrations have square waveforms.

1 12. A disk as recited in one of claims 8 to 10, wherein

2 said serrations have sinusoidal waveforms.

1 13. A disk as recited in one of claims 8 to 11, wherein
said tracks (50) are separated by surface profile variations

3 (108).

1 14. A disk as recited in claim 13, wherein said surface
profile variations (108) comprise topographical variatioms in
disk (24) height.

1 15. A disk as recited in one of claims 8 to 14, wherein

2 said first and second frequencies (f;, f,) have serration cycles

3 being a power of two (2}.

1 16. A disk as recited in one of claims 8 to 15, wherein

2 said serrations align radially.

-36-
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1 32. A nethod as recited in claim 31, mh

el ectronic nodule (202) is used for said anplifyi ﬁi’il’ﬂwi"!@lmuim A ..

et hod as recited in claim31 or 32, mhereln an 2 |Iter ;
34. A nethod as reC|ted ‘in

(206) is used for said conpensating.
one of Iclai ms 31 1% 33 sk \dsemclit&dnﬁ‘nl Behed WET @galkr@\ﬂfap%s 16' thyth%

oot of i e Soridising LU 1AL Wng (110} bavitios RELLEER {3BEhePE

recite in one o
conpri Ses t B&¥ay eprdefregdable by said ¢ iheadndshe fiadiméasetrDegt yigk

sai d headcc22; etghghn desired radial velocity of
sai d xg 5 @hea rrﬁlty and MR hegg é?n?%lﬁggfﬁé “di fference between said

estimted 7 veIOC|ty and said desired velocity; and 8 novi ng
the MRlhead in regpongediskses Gadiftfed §ACE1aim117, whereBPsaif BFBLDOLd-E8

recited 1n5h3) Meodpri¥a8" §bBre85fons in saia aisk.

19. A disk as recited in claim 17 or 18, wherein said
calibration zone (110) includes a dual frequency pattern (384,
386) readable by said MR head (80) for measuring the thermal
sensitivity of said MR head.

N C RN

20. A disk as recited in claim 19, wherein said dual
frequency pattern (384, 386) includes a first pattern (384)
haviné a frequency (f,) equivalent to said first serration
frequency (f.) and a second pattern (386) having a frequency
(f,) equivalent to said second serration frequency (f,).

UVl W N s

21. A disk as recited in claim 19, wherein said dual
frequency pattern (384, 386) comprises radial grooves.

N

22. A disk as recited in one of claims 17 to 21, wherein
said calibration zone (110} has a width at least as large as
disk eccentricity plus maximum head alignment offset.

23. A method of positioning a magnetoresistive (MR) head
(80) relative to a storage medium (24}, the method comprising

the steps of:
inducing a thermal signal {(119) in said MR head with

said storage medium; and
moving said MR head in response to said thermal

b A T ¥ ) B SO U T NS RIS

signal.

24. A method as recited in claim 23, further comprising
the step of extracting said thermal signal (119) from a
3 readback signal (81, 209) of said MR head (80).

N

-37-
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tlne dlfference

2 estimating step conprises: 3 measurin
bet ween radi al markers (108) 4 of said disk (2 , Bﬂ”j' mu”" di v1d| ng
the tine difference into the track (50) pltch of

- 39- RM95- 083P 1 A nethod as reC| tedin cJaL
35 or 36, wher ei rﬂ%.ai d\ methodstasratﬁemg.tfetdeplhurth&imcom),rI ?@%1@1‘?1 Sbﬁﬁdif :
3 a i_al elocity _for track runout

38. Aznethod as rec Iﬁ%ﬁ%ﬂ@k@&xﬁsgﬁng S% §f' 2 wherein said

deterntning a deﬁeiﬁﬁﬁkﬂa&Ytﬁﬁﬁﬁqa@mmnsauﬁ tnermakxﬁqgmsbs(lhw)smﬁpsaid
cal cul at i ngughea@p)of tracks (50) 4 between a current track and a
desired track.

1 26. A method as recited in claim 25, wherein an adaptive

2 inverse filter (240) is used for said restoring.

27. A method as recited in one of claims 23 to 26,
wherein said moving step further comprises the step of:

generating a first output (221) in response to a

first frequency component of said thermal signal (109} and a

second output (223) in response to a second frequency component

of said thermal signal, wherein said moving is in response to

e B © A R ¥ ) B~ N UV T S O 3

said outputs.

28. A method as recited in claim 27, wherein said moving

step further comprises the steps of:

providing a first value in response to said first and
second comparator outputs;'

providing a second value representing MR head axial
offset and disk runout;

adding said first value and said second value;

providing the sum of said adding to a controller
(318) for positioning said MR head (80}.

W O - O U ol W N

29. A method as recited in claim 27 or 28, wherein said
genefating step further comprises the steps of:
heterodyning said readback signal (81, 209) with a
first oscillator frequency and a second oscillator frequency;
filtering said heterodyned readback signal (213, 215)
to develop said first and second thermal signal frequency
components (217, 219).

N oY ol W N

1 30 A method as recited in claim 29, wherein said
2 generating step further comprises the step of:

-38-
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1 39. A nmethod as recited in one of clai “‘\‘J“ms
conprising the step of anplifying said di fferencen@m \ I ng. sai.d
‘MR head (80). 1 40. A nmethod of cali b g a rr'hgnsetore5| Stive
(MR) head 2 (80) of a storage %stem havi ng at | east one di'sk (24) and
at 33 least one MCHBRATiRgGie Fhsichod igeipr Redngsetendt epsexhal zlslgnal
provi di ng spi-gq@éﬁﬁéw &Bmgoﬁaﬁtg)rat(gpﬁ zopgof 11Q) tnd i Vi Rgasurd

profile variations (382 novi ng an MR hea

tned 7‘“’““’—“‘01@i valugsdieinget He? @ﬁn%#%%al(dl@)rsm

-said cali br%f?

sai d MR heaghdv $¢dcoBd ouspitls s{gdnce2zyfile variations; and 9

nmeasuri ng MR head and di sk characteristics using said 10 t her mal

si gnal s. 1 41. A method as recited in claim40, wherein said

surface 2 prdti | & veethnd g (B8Xed84 38Gm idkcladat fulrexte ifrr egpighcy
3 patter et SREHL r&g,w r said 4

cal i b?'tat | onrberrrét hodlr%%p%]éépr conpr |If5| ng t he ess'?zgpﬂsée %\:eé%%%

i nduci*hg t her rmal frecﬁi%lcklf%‘i%aﬁ%lq Xeadoaay signasd 48197 MR head (80)

with gaid first and sesgnshdd rya)&daazﬁpa_&rﬁed 751gnal (205) ; Rf erm ning

MR head thermal threshol err th r mal
fr equency stiej?%'“f 1ng sagg g: Lgf)al:k s gnall) (Lbsd%g from sa?ld compensated
6 signal (207) prior to said heterodyning step.

1 32. A method as recited in claim 31, wherein an arm
electronic module (202) is used for said amplifying.

1 33. A method as recited in claim 31 or 32, wherein an
2 inverse IIR filter (206) is used for said compensating.

34. A method as recited in one of claims 31 to 33,
wherein a moving average low-pass FIR filter (208) is used for
said recovering.

35. A method as recited in one of claims 23 to 34,
wherein said moving step further comprises the steps of:
estimating the radial velocity of said MR head (80);
determining a desired radial velocity of said MR
head; _
determining the difference between said estimated

velocity and said desired velocity; and
moving the MR head in response to said difference.

W <3 O W s W N

36. A method as recited in c¢laim 35, wherein said
estimating step comprises:
measuring the time difference between radial markers (108)

of said disk (24); and
dividing the time difference into the track (50) pitch of

(=AW S 5 B N SV T N R S

saiﬁ disk.

-39-

ED SHEET

2
5

o |

EN

b~

e



s ' RO995-083P

1 42. A nmethod as recited in claim4l, further conprising 2 t he
step of storing said thermal thresholds (t[err], t[err]) in a random 3
- 40- R(CO95- 083P

‘access nenory. _
1 43. A nethod as recited in one of clains 40 to 42, 2 whér ei’n

sai d feasuring step redkRNad aR nesddeskilal ffiget3Samt 36, whieglein said
eccentyici tagrimak in ng step %rth‘éz“%dﬁ{iﬂ'l%%sr §3d eftd) e of claims 40 to

43, 2 wherein s measuri,ng step nprises the step of averaging 3

absol ¢t e neasur HI579 §add %%%EPEW‘%F@?%F’%@@HWV%@U&WMrun%h‘t -sai d
di sk (24).

38. A method as recited in one of claims 35 to 37,
wherein said determining a desired velocity step further
comprises the step of calculating the number of tracks (50)
between a current track and a desired track.

B W N s

39. A method as recited in one of claim 35 to 38, further
comprising the step of amplifying said difference prior to
moving said MR head (80).

W N =

40. A method of calibrating a magnetoresistive (MR) head
(80) of a storage system having at least one disk (24) and at
least one MR head, the method comprising the steps of:
providing said disk with a calibration zone ({110)
having surface profile variations (382, 384, 386);
moving an MR head to said calibration zone;
inducing thermal signals {(119) in said MR head with
said surface profile variations; and
measuring MR head and disk characteristics using said

W oo 10w ol W R

thermal signals.

[y
Q

41. A method as recited in claim 40, wherein said surface
profile variations (382, 384, 386) include a first frequency
pattern (384) and a second frequency pattern (386), said
calibration method further comprising the steps of:

"inducing thermal frequency signals (217, 219) in said
MR head {(80) with said first and second frequency patterns;
determining MR head thermal thresholds (t,, ty) using

said thermal frequency signals.

W -1 U W N

42. A method as recited in claim 41, further comprising
the step of storing said thermal thresholds (t,, t,) in a random

access memory.

- 4 0 -
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1 45. A nethod as reC|ted in one ll ﬂﬂubwu 4, which 2
further conprises the steps of: T Il m"m e steps remted

inclaim40 for each MR 4 head (80) in sai*d §tokagkt syst'em 5 ! o'
setting a reference one of said MR heads to physical 6 track Zero ?or
cylindér zero of 43ai dAstlpthRd s§8t aigcidindl 7in one of claimspi 49 sai d43/R

heads ot herwhaealﬁassalaerﬁsw@ffna/%@ep ntze%ﬁztﬁlgolms healy E&s’ﬂsisoéﬁﬁsg
sai d reference head axi,al 0 as
recited in Fé#nﬁﬁgenﬁﬁéFéFM sald 2 reference MR head (80) conprises

said MR head wth the |argest 3 MR head axi al offset.

1 44. A method as recited in one of claims 40 to 43,
2 wherein said measuring step comprises the step of averaging
3 absolute measurements of disk eccentricity‘over one revolution
4 of said disk (24).

45. A method as recited in one of claims 40 to 44, which

1

2 further comprises the steps of:

3 repeating the steps recited in claim 40 for each MR
4 head (80} in said storage system;

5 setting a reference one of said MR heads to physical
6 track zero for cylinder zero of said storage system; and

7 mapping said MR heads other than said reference MR
8 head to physical tracks based on said reference MR head axial
9 offset.

1 46. A method as recited in claim 45, wherein said
2 reference MR head (80) comprises said MR head with the largest

3 MR head axial offset.
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ﬁ:cemgﬁgwmm movement between the MR
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