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Descri2tion 

Method and Apparatus for Positioning a Magnetoresistive Bead 

Technical Pield 
The present invention relates generally to data 

5 storage systems, and, more particularly, to a method and 
apparatus for positioning a magnetoresistive (MR) head relative 
to a storaqe medium. 

Background Art 

A typical data storage system includes a magnetic 
10 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 

15 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 surf ace of the rapidly 

20 rotatinq disks. 
The actuator assembly typically includes a coil 

assembly and a plurality of outwardly extending arms having 
f1exible suspensions with one or more transducers and slider 
bodies beinq mounted on the suspensions. The suspensions are 

25 interleaved within the stack of rotating disks, typical1y by 
means of an arm assembly (E/block) mounted to the actuator 
assembly. The coil assembly generally interacts with a 
permanent magnet structure, and is responsive to a controller. 
A voice coil motor (VO!) is also mounted to the actuator 

30 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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magnetizable rigid dat'a. · storage disks. The tracks are 
generally divided into a plurality of sectors, with each sector 

··comprising . a number of· information fields.·· . one of the 

information fields is typically designated for storing data, 
s while other fields contain track· and sector position 

.identifications .. and synchronization information, for example. 

Data is transferred to, and re~rieved from, specified track and 
sector l.ocations 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 desi911ed 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, ls 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 

transducer assembly" to produce maqnetic lines of flux which 
maqnetize a specific location· of the disk surface.. Reading 
data· from.:aspecified disk location ;is typically.accomplished 
by a read element of the transducer assembly sensinq' · .. 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. , · 

conventional data storaqe systems generally employ 
a closed-loop servo control system 'for positioning the a,ctuator 
and read/write· transducers ·to.specified storage locations on 

35 the data storage disk~" During normal data storage system 

. operation; a servo transducer, generally mounted proximate the 

read/write transducers, or, alternatively, incorporated as the 
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read element of the transducer, is typically employed to read 
infonnation for the purpose of followinq a specified track 
(track followinq) and seeking specified track and data sector 
locations on the disk ·ctrack seeking} • 

A servo writing procedure is typically implemented 
to initially record servo pattern information on the surface 
of one or more of the data storage disks. A servo writer 
assembly is typically used by manufacturers of data storage 
systems to facilitate the transfer of servo pattern data to one 

10 or more data storage disks during the manufacturing process. 
In accordance with one known servo technique, 

embedded servo pattern information is written to the disk along 
segments extending in a direction generally outward from the 
center of the disk. The embedded servo pattern is thus formed 

15 between the data storing sectors of each track. It is noted 
that a servo sector typically contains a pattern o~ data, often 
termed a servo burst pattern, used to maintain optimum 
alignment of the read/write transducers over the centerline of 
a track when reading and writing data to specified data sectors 

20 on the track. The servo information may also include sector 
and track identification codes whieh are used to identify the 
position of the transducer. Embedded servo offers 
significantly hiqher 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, 
sinqle disk surface}. 

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

30 and illustrated in Tanaka et al., Characterization of 
Magnetizinq Process for Pre-Embossed Servo Pattern of Plastic 
Hard Disks, r.E.E.E. Transactions on Maqnetics 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 fine pattern and address code are used to generate servo ! - .... • . . . . . .. -·· - ...... ·-···--· 40 
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information signals. T9 · ge~era.~~ the s~rvp ~ig:nals, the 

.. magnetization direction. of. the r~is~5J port~pns iii;IJ.<;l t;.he .recesses 
must be oppos.:l-tf:,. Tb.e maq;net~ZCS:t~on ·~;()Qess;. inyc:>lves first 

magnetizing the ~tire-disk ,i~ ,one qirection usin9 a hiqh-field 

5 magnet. . Th~, a CQJ;l.Vention~l::wri te ... he~4 is used to magnetize 
the raised areas in the opppsite ~~rection. 

Wh,ile "Qse of a PE~ disk ~Y: i1:1cre.~se (j~sk,capacity, 

such a.n approach· :suffers.-: ft,c;>m a n~er _of shortcom,i.nqs. Servo 
information is pp:;>vic;ied o_n a. P~ servo disk i~ .a two-step 

. . • • •. ,• =·. 

10 maqnetizat,ion process; as. described. abpve. 'l'h;i.s significantly 
. . . . . . . .. ,· ' · .. · . . ....... ..;, . . 

increases the . amoµnt . of. time_ , :~equired to . write servo 

info:rmation to .the di$k!' .Moreover,;~ dur;ing th~_ sep()p.p step of 
the process, se:r:vo .information is not ... yet avaj.l~ble on the .. . . . ... - ,. •. . . .. . . ·,. . .. ·: ·. 

d-isk. Thus, an 9JC~ernal ppsit~oning syst~ must be employed, . . . . .. "'.· . ~ . .. . . . - .... ,.,,. . . .. 

15 thereby· i~creasi~g the -C()St.,o~ .. ~he servo wr.~ .. ~i~g -process • 
... Additional .. conc~X'llS . associat:ed, with . PERM.·. disk technology · 

include durability. 

Fina1ly, the PERM . dii;sk,, .: lik.~ o~her ~be(lded servo 
techniQl.,1.es, .still stor~s· .servo information in, d,i,sk sp_ace which 

20 coµld otherwise b~ us.ed for data storaqe. As a result, PERM 
. . •.. • . .• 1.: ·• ·:. • . . ; • 

. di.sk technol.oqy, , .a1tµouqh stil.l at the resea;rc]l level, has not . . . .. ---·~. ·... . .. . . . . .. 
been widely accepted by ind\lstry. 

There exist;s j,.n th~.data stoJ;age system ~n~facturinq 
...•.. · .. •. . ' ! . '· . . ...... ·, ·· .. · 

indust.ry a :need ,for a servo .ipformation ,.format .which is 
. . • . ·- . ·.:·; .. '. ·'-·".,i-:"" ··.·· . 

25 inexpensive to provide and which optimizes the data capa<;:ity 
. ' ... ·. . . ... . .· . '· 

of a disk. The object of the pre$ent invention ia to address 
these and other-.. needs. 

· .. -·· .. 

Disclosure. -of Invention·· ... · 
The presen~ inyenti«?n ~elves. thi.s object by a method 

30 and apparatus for positionin~r_._a. maqnetoresistive (MR) head 
rela,.tive to. a storage medium in. a st_or:ag.e device •.. The storaqe 

. . . . . . - . . ·. . ~ : . . . 

medium is mounted in. the .·storage device t.o allow relative .. - -.· .. · .. · ... _ . . .: . '· .. , . :-·;.":.· ·. ": .. 
movement between the MR nead anc,i .the storage mec,i;i.wn. The - . . .. . ····. ._,, .. · . . .... . ·;. 

st:.orage medium includes ... servo .. !~formation Provided ... to iµ~uce 
35 a thermal response in the 1'lfR head. A control_ler controls the 
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relative movement between the MR head and the storage medium 
usinq the thermal response induced in the MR head. 

Brief Descriptiop of Drawings 
Pig. 1 is a top view of a data storage system with 

s its upper housing cover removed; 
Pig. 2 is a side p1an 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, 
10 and a thermal and magnetic response of an MR head to such 

defects and features; 

15 

Fig. 4 is a cross-sectional view of a 
iqaqnetoresistive element of a transducer shown in an on-track 
o~ientation over the centerline of a track of a disk; 

Fiq. 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 
-20::. markers of a disk; 

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

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

Fiq. 10 is a generalized block diagram of the system 
Ca11X>nents for servo positioninq an MR head using the thermal 
frequency response signals of the MR head in accordance with 
the-present invention; 

30 Fig. ll(a) is a view of a segment of a calibration 
zone in accordance with the present invention, and Fiq. ll(b) 
is a detai1ed view of a segment of a calibration zone; 

Fig. 12 is a diagram showinq the mappinq of MR heads 
to_physicai tracks for a cylinder; 
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Fig. 13 is a block diagram of an apparatus for 

extracting a thermal signal from a readback signal induced in 

an MR head1 
Fig._ 14 is a showing of a readbacK signal induced in 

5 an MR head exliibfting a distorted·D.C. baseline; 

Pig. 15 is a showinct'of the readback s·ignal of· Fig. 

14 exhibiting a restored D.c.-·. baseline after being processed. 

by a signal separation/modulation module; 

-Pig. -. 16 is a block - diagram of a signal 

---_ 10 · s·eparation/modulatlon module for· extracting a thennal siqna1 

and a· magnetic signal ·from a readback slgnaT induced in an MR 

beach 
Pig. 17 (a)' is a showing of a therlnal signal extracted 

from a readback signal induced in an·'·MR head ·at a .'-particular 

15 track location, and Pig. l7lb) is a :tea·dback signal obtained 

fr()m the same track location after AC erasure; 

20 

25 

30 

Pigs. 18 (a), 18 Cb) and 18 (c). respectively. illustrate 

a read.back signal induced in an MR head, a restored magnetic 

signal component- -of the readback signa:L; a·nd an unrestored 

- magnetic 

response 
windowed 
module; 

MR heaci; 

response 

module; 

signal coinpOnent"of the reacll?ack signal; 

Figs. 19 and 20 illustrate the phase ; an:d magnitude­

of a finite impulse respon$e (FIR) filter and a 

FIR filter used in ·a signal- separation/restoration 

Figs~- 21 and 22 · is an illustration of a conventional 

Fig. 23 '·is · a showing of'· the magnitude and phase 

of the highpass filtering' behavior of a typical AE 

Figs. 24 and 25 respectively show a comparison of the 

maqni tude an:d' phase response of the highpass f i lterinq behavior 

of a typical AE module and an ,-invers·e filter: having a transfer 

function inverse to that of the effective hiqhpass filter of 

the AE module; 

35 Fig. 26 is a signal f:Low diagram representative of 

the inverse filter of Figs. 24 and 25; 
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Fiq. 27 is a block diagram of another embodiment of 
a siqnal separation/restoration module employing an infinite 
impulse response (IIR) filter; 

Fiqs. 28(a)-28(c) show three waveforms produced at 
5 different processing points within the signal 

separation/restoration module of Fiq. 27; and 
Fiq. 29 is a comparative showinq 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 

15 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 bead for writing information to and 
from the data storage disks 24. The transducer 27 may be, for 
example, an MR head havinq 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 
contrQ1 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 readinq and writing data to and from 
the disks 24. 

7n Fig. 3, there is illustrated an exagqerated side 
plan view of an MR head slider 79 flyinq in proximity with the 

35 surface 24a of a magnetic data storage disk 24. The disk 
surface 24a has a generally varying topography at the 

-7-
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.microscopic level," and 'often includes·:'various surface defects, 
such as a· pit 122, -a bump.1241 ··or a·· surface pprtion ·126 void 

of maqnetic material. It has been determined by the ·inventors 
that the lhermat respanse -of an: MR head ao chanqes as a 

·s function of'· the spacing, :denoted· by the parameter y, between 
an MR element 78 of t~he MR head 80 '-and the disk. surface 24a. 

Head-to-disk· s·pacing: ·-changes result·. in concomitant chanqes in 
·heat transfer t>etweeri '.'the MR ·element:· 78·and disk ·24 ~ · This heat 
transfer results in an alteration iii t:.he teinperat\lre of the MR 

10 element 78. Temperature changes the MR element 78 result in 
corresponding changes in the electrical '.·resistance ·of the' MR 
element 78 and·, tlierefOre, the output' voltage of the MR element 

. ', 78. -.. ' ,. 

As .. the instant·anef?us ''-head;.to-disk ·spacing (y) 

15 increases I there teS.Ul tS a COrrespondinq 'increase in'· air Space 

insulation between :the MR ·head: .:sO and :the disk· surface 24a, 
thereby· causing an increase in the : temperature of the· MR 
element ·78. This temperature increase iri the MR element 78 

results in a corresponding increase' in the MR· head 80 

20·' resis~arice· due· to the. positive tempera0ture coef·f-icient of the 
MR eiement material tYi>ically used'·to f-abticate the.:;MR element 

78. Perriia.116y, :for 'example·, is a pref erred material used to 
fabricate the MR· element 78 and demonstrates a:.-. temperature 
coefficient :·of + 3x10-3 /° C· An MR head 80 pas-sing over a 

2s· bump 124 on the dlsk surface 24a, by. way of ~le·~ results 
in irlcreased hea:t transfer occi.J.rrin9 between the 1m···e1ement'· 78 
and the disk surf.iic~· 24a, thereby causing cooling of the MR 
element 78 ~ .- stich . cooling of . the . MR element 78 : causes a 

decrease in the "'MR element 78 resistance which;. ·in turn, 
30 results· in a corresponding deC:rease in the voltage v271 across 

··.: ·.:··. 

the MR element 78. at _a .c;onstant, bias current .. 
. J:t can be seen by referrlnq to the pit 122 depicted 

on t:pe disk sµrface 24a that the therll:'8-l voltage Si~l V 271 l19 
··.· 

across the MR element 78 increases in amp_litude .as a function 
·~S of increasinq head-:to·disk sepai;ation ,distance - ~¥:). It can 

further be seen by ref erring to the bump 124 depicted on the 

-8-

. ,I .. 



-------------===~~ ............. --=====~--~~-----------

disk surface 24a that the thermal voltage siqnal Vm 119 

decreases in amplitude as a function of decreasing head-to-disk 
separation distance. The thermal siqnal component of the 
readback signal, therefore, is in fact an information signal 

5 that can be used to detect the presence and relative magnitude 
of topographical variations in the surf ace of a magnetic data 
storage disk 24. 

Also shown in Piq. 3 is a magnetic spacing signal 121 
which has been conditioned to correspond to variations in the 

10 disk surface 24a. It can be seen that the magnetic spacing 
,siqnal 121 incorrectly indicates the presence of some surface 
features, such as magnetic voids 126, as variations in the 
topoqraphy of the disk surface 24a. It can further be seen 
that the magnetic SPClcing signal 121 provides an inferior 

15 indication of other surface features, such as bumps, when 
compared to disk surf ace imaging information provided by use 
of the thermal signal 119. 

As described more full.y below, the thennal. component 
of an MR element readback signal may be extracted to obtain 

20 information regarding surface characteristics of the rotatinq 
disk 24. In 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 
el.ement, e.q., an MR head 80. As will be appreciated from the 

25 exemplary embOdiments described below, because the servo 
in.formation is provided in the profile of the disk and can be 
read concurrently with magnetica1ly stored data1 an additional 
15%-20% of the disk is made available to store data {i.e., the 
portion of the disk previously 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 
centerl.ine 51 of a track 50. The MR head 80 may be a type used 
in conventional data storage systems, thus promoting the 

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

-9-
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24 surface ·result in the 'production of a readback signal 
induced in· the MR head 80. By way ,of. example and not of 
limitation. the read.back signal is preferably a voltage s·iqnal. 

In Piq. 5, there is illustrated an exemplary disk 24 

5 having pre-embossed or stamped track ··markers 108 and sector 
ma·rkers 106 for providing servo in-format.ion on the disk in. the 
form of surface profile variations, e.q. head-to·qisk spacing. 
The disk 24 is provided with concentric data tracks 50 used to 
store data~ Each data track .50·:.may be partitioned into a 

10 series of · ·sectors 52 identified . by sector markers 106. 

Adjacent data tracks SO are separated by track markers 108. 

·'l'he track markers 108 and the sector markers 106 are ·formed as 
variations in the·disk· 24 which can'be identified using the 
thermal component of the MR bead readback signal.:: As best 

15 shown in Fiqs~ -6 · and 7, . the track ··-markers .. 108 may be 
circumferential . 'grooves providing: head-to•disk . spacing 
variations between adjacent data tracks SO and the sector 
markers 106 may be radia"l. ·qrooves . providing head-to-disk 
spacinq variations between adjacent sectors 52. As described 

20 more fully ·bel'ow, the track markers 108 and sector markers 106 

are used to provide servo information. '.l'he 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 11 o . and the index 

25 marker 112 will' become apparent · 1ater. 
· As shown in. Fig.. 7, the :data tracks ~so of disk 24 are 

provided with serrated edges 5010' a?ld S00u correspondinq to the 
inner diameter (ID) and outer diameter (OD) edges .of the track. 
For each track, the ·ID ·edge so10 serration. has ·a. different 

30 serration frequency than the OD edqe 5000 serration in order to 
provide radial direction s.ervo information~ The serrations may 
have the · shape of a · square wave or a sinusoidal wave. The 
serrations ·ma.y have frequencies .f1. and· f 2 which differ by a 
factor of two, though· it shou,ld be ·appreciated· that the 

35 serrations ·may have a multitude :of different frequencies 
·provided each track has edges 5010 and 5000 ' ·at · di~ferent 
· frequencies. The serrated edges SO to and 5000 of the tracks 50 

-10-
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may alternate in serration frequency, as shown in the 
illustration. For example, some tracks 50, referred to as odd 
tracks, may have an (ID) edqe 501n at serration frequency f 1 and 
an (OD) edge 5000 at serration frequency f2· While even data 

s tracks so, would have OD edqes 500 0 at frequency fl and ID 
edges 5010 at frequency £2. By al.ternatin9 the serration 
frequencies of adjacent data tracks 50, the serration edqes of 
adjacent tracks 50 correspond. This makes track markers 108, 
which separate adjacent tracks so, easier to detect, and the 

10. disks 24 easier to manufacture • 
. Furthermore, the serrations maybe aliqned radially, 

i.e. the serrations may be spaced further apart as one moves 
radially outward. This would be useful in a constant angular 
velocity system as the serration frequencies relative to the 

: :15 MR. head 80 would be constant over the entire surface of the 
disk 24. In addition, the number of serration cycles around 
a data track SO may be a power of two such that data storage 
system oscillator frequency can be divided to exactly yield 
each of the serration frequencies f 1 and f 2 • 

.2.0 :rn Fig.. 8. the frequency magnitude responses t { f 1 ) 

and t Cf2 ) of the thermal component of the MR head read.back 
signal are illustrated as a function of the position of the MR 
head 80 over an even data track 50, i.e.1 a data track SO 
hayinq a frequency f2 at ID edqe 501n and a frequency f 1 at OD 

25 edqe 50on. When the MR head 80 is positioned over the center 
51 of the data track 50, the thermal frequency ma<}Ili tude 
responses t(f1 ) and t{f2 ) should be near zero. As the MR head 
80 moves off toward the Ip, edge 5010 of an even track SO, the 
MR head 80 senses the edge serrations and the thermal signal. 

30 t(f2) increases. Similarly, as the MR head 80 moves toward the 
OD edge 5000 , the thermal signal t(fl) increases. It is noted 
that as the head continues to move off - track, the thermal 
Si<Jllals t (f1 ) and t (f2 ) i;>lateau. As described more fully below, 
by examininq the frequency content of the thermal component of 

35 the readback signal. the off-track direction and magnitude of 
the MR head 80 can be determined and an appropriate control 

-11-
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signal provided t.o position the ;ictuator 30 over the centerline 
of a track. 

It should be ·appreciatedtliaf.the thermal:frequency 
·magnitude · respbns'es t Cf1.> and t"(f2l, from which the servo 

s information is obt~in&'d, are derived from periodic-changes in 
the spacing . between the disk 24 arid ~:the MR .head ~80:. In the 

illustrated embodiment, the ser'Vc>-iilformation is obtained from 
sensing t.he chariqes in the thermal freqilericy ·:response that 

result · f rOin the MR head· 80 · passing over·· serrated, 
10 circumferentia1·grooves. The ·cliange in d.isk-to~head spacing 

could alternlltely" be accomJ>l±shed'' by providing elevated 
· portions · betwe·en the.· tracks. However, in a· typical 

enviromnent, grooves are · · preferred· ·because ., ·they permit 

operation of the "storage system 26 with ininimal· spacing between 
15 MR ·heads and ciat.a tracks. in afternat:e •odiments of the 

present inirerition, s'eivo iriformatlon: is derived. from other 
variations .in disk charact·eristics· :which can b'e. reflected in 
the therina1 coinponent of tile· ·:reain>acit signal.· For' example, the 
track markers 108 coulcf· ·d.f f'f:er . from the· data tracks 50 in 

20 themal emissivfty or other p~raniiaters which can be reflected 
in the thermal >component. similar variations in disk 
characteri"stics can be used for the sector markers 106. 

Ti.irning· tc)° Fig. 9; there is;' illustrated an exemplary 
block "diaqram .-·of: .. a system o'f cc)mponents· for 'demodulating a 

25 read.back ·819ria1· and -·generating· servo positioning control 
signals .. 221 and 223. Althotiqh the. deinodulation system 
illustrated in Fig. 9 is imp°lemented as· a digital ·system, an 
equivalent ·analog system" may ·also. be used;' 

In operation, theciemodul'ation system alDPiifies the 
30 read.back signai 81: . obtained· using .the .MR head· ·ea. The 

amplification may· be· done, for• example,· . by usinq an Arm 

El.ectronics (AE) module 202. .The .. amplif ied readback signal 203 
: is salllpted by sampler ... 204 .· at ' ~. sampling" rate to'" produce 

read.back siqnai 2os. · ·· :A typical sampling rate will be in excess 
35 ·of 100 meqahertz (MHz) • · The sampled readback signal 205 is 

provided.to.the data channel for normal.processing and also 
provided to a track crossing detector 230 for purposes to be 
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described hereinafter. The readback signal 205 is also 
provided to a filter 206, e.g., an inverse infinite impulse 
response {IIR} filter, to compensate for -the high-pass filter 

. in tbe AE module 202. The output siqnal 207 of the filter 206 
is passed through a filter 208, e.q., a moving average low-pass 
finite. impulse response (FIR) filter, to recover the thermal 
component of the readback signal. The output of filter 208 is 
provided to a heterodyne demodulation circuit 210, which 

-- dete.:r;mines whether tllermal frequency magnitude components t (f1 ) 

10 . aQd t (fi) of the readback signal 81 exceed their respective 
threshold values t 8 and tb. The operation of the heterodyne 
demodulation circuit 210 is more fully explained hereinbelow. 

During a read operation, the signal 209 received by 
th~ heterodyne demodulation circuit 210 is provided directly 

.l,5 from filter 208. However, during a write operation, the write 
element generates heat which is transferred to the MR head. 
~he write head-to-MR. head heat transfer distorts the thermal ' 
c~nent _of the readback siqnal. The dynamics of the write 
head-to-MR head heat transfer may be approximated by a first 

20 ~er lowpass filter transfer function. The distortion caused 
:qy the write bead-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 24 0. For 
~le, during a write operation~ the signal 233 may be used 
to couple the adaptive inverse filter 240 such that the signal 
leaving filt~r 208 is passed through the adaptive inverse 

30 filter 240 prior to being received by the heterodyne 
demodulation circuit 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 
35 transfer function may vary between MR heads. The pole location 

for a qiven MR head may be estimated by using the thermal 
cooling response of the MR head after a write operation has 
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conunenced. For example, the· cooiing' curve· may· be a simple 
decaying exponential with a · tiine ;const·ant· which can be 
determined fro~ the time -it takes the 'cooling curve to reach 
approximately 36'. S%, i.e., e. 1 = .··3'68,' Of it·s maximum value. 

5 -- The t'ime constant, or pole location value which is the inverse 
of the time constant, may. be estimated in-situ for ·each MR head 
and. stor.ed'. in a . rand.on{ access -- memory,. (RAM) ...... The adaptive 

inve'rse filter 240 trans:fer function' may 'ther{'be· updated based 
on ' the time cons taiit' o-t . the MR head which -is· selec.ted. The 

10 transfer £1.lnctiori. of 'tb:e adaptive inverse filter 240 for 'each 
MR head may be u:Paateci. over time to account fot· c:J:ianges in the 
write head-to~MR . head. and MR head-to;;d.lsk heat transfer 
dynamics which ·inay result f rain 'debris- collecting on the heads. 

Th~ adaptive"lnverse .· fi'l.ter. 24·0 ·thus·' restores the 

15 distorted thermal ·comP6nent to -that which would be present 
during a read· operation. Using a readback signal having its 
thermal cabponent restored by an '.'adaptive inverse filter 240 
as an input to the heterodyne dembdulation . cfrcuit 210, 

decr~ases · track': misreqistration CTMR) .- during writing. 
20 Moreover, the continuous nature of the ·servo pasition sensing. 

i.e.' sensing during both read and write' ol)erations, .eliminates 
the need to use accelerometers or: o'ther external<sensors to 
monitor shock anc:t' vibration in a ·drive.·'.. ·. 

The heterbdyne -__ demodulation circuit ·-210 comprises 
25 first and 'second multipliers 212 and 214 I fi'lters 2'16 and '218 I 

and first and 'second comparators 220 and 222. :,.~:'Thebeterodyne 
dem6du1at:l.on circuit. 210 . extracts . the . thennal- frequency 
maqnitude res'.Pons·e: sigrtais t(f1l and'tlf2) from'•j'siglial 209 and 

compares these signals to threshold ·values· t.. and tt, ·to generate 
30 servo positioning control signals 22i and 223. , 

:rn operation, the heterodyne demodulation circuit 210 
receives ·signal "209· · and provides : it to <first- and second 
multipliers 212 .·arid 214'.. Multip1iers 212 and 214 multiply the 
readback s'ignai ·209, with two ·or mor~ divided oscillator 

35 - signals 225 ·and 227~· respectively~ Th'e oscillator: signals· 225 
and 221 may have ·_waveforms 'and frequencies similar to the 

serration frequencies of the serrated edges generated when the 
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disks 24 are rotated at rated speed. The multipliers 212, 214 
output.· signals 213 and 215 which have amplified· frequency 
comp6nents at frequencies f 1 and £2 , respectively. Signals 213 

and 21s· are low-pass filtered by filters 216 and 218, thereby 
5 rejectinq the high frequency components of signals 213 and 215 

··· 10 

'15 

20 
i' :, 

-25 

to qenerate low frequency thennal magnitude response signals 
t(f1 ) and t(f2 ), desiqnated 217 and 219, respectively. Thermal 
signals 217 and 219 are provided to comparators 220 and 222, 
for comparison with threshold values ta and tb. 

As best shown in Fig. 8, threshold values t. and tb 
correspond to the threshold amplitudes of thermal signals t (f1} 

and t(f2 } at which an MR head 80 has moved off-track and should 
be repositioned. It is noted that threshold values t. and tb 
are predetermined values for each MR head 80 and are stored in 
a random access memory (RAM). The threshold values ta and tb 

are determined in consideration of differences in thermal 
·sen'sitivity alonq 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. 

Comparator output siqna1s 221 and 223 from 
comparators 220 and 222 may have a 1oqical value of O or 1. 
When the MR head 80 is centered over a track 50, both outputs 
221, 223 may assume a logical value of O, for example. If the 
thermal frequency response signal 217 exceeds threshold value 
ta• then comparator output signal 221 may assume a logical 1. 
Similarly, if signal 219 exceeds threshold tb, then comparator 
output siqna1 223 may have a loqic of 1. If signals 217 and 
219 have frequency components at serration frequencies f 1 or f 2 

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 
system to control the position of the MR. head 80. 

Referring now to Fiq. 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 so. 
The servo control system includes a servo demodulator 200, a 
read/write (R/W) controller 340, a seek controller 302. a 

-15-
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veloci,ty profile controller 304., a feed"'.forw.ard gene:rator (FFG) 

306, first and se~ond:.adde_rs 3_0 .. 8 ~nd .. J.10,_ a mu~I,..tiplier 312, a 

servo comp~sa.tor 318, a diqi ~~l ~o c;_nalog converter (DAC) 314, 

and. a driver 316., ·· I;ri opera.tion, ... ·.the P./W. controller 340 
' . ~ • • . . . •.. • >. • • . 

s p:rQvides s~gnal :,341 to tl'le se~o .con~rol. system, f!·CJ. to the 

s~rvo <iemod\l_lator 200 . Sign.ill 3.41_ ~Yi, .,e: use~ to ·. CQntrol the 

type-of ope:ra,t;op.or .mod~, e~q. ~ead/~;ite, or trac;k follow, 

seek, or settle~. Du.ring . tra_ck foll.owing,. for ~le, the 
. - . .. .. ·, . . . . ~ .. .· ..... ·. . . . 

comparato:i;. qutpu-t sicni~J.s 2.~1 ·.ilnd 223 .cont;:rol switches 320 :. and 

10 3-~~. :respectiy~ly, :fpr CQ\\pling .d~.g~;a1 values .. ,+Ia )lnd ·Ia to 

the adder 310 •. When Cc;>mParator ou~put;· 221 as,sumes .. a logical 

1, switch 3.~o is cop.~i9Ured to clpse -.so. that<the value +Ia is 

provided to . the. adde,: ·31p •. ~i:milar:+y, .. the v~_'.l;ue · I 0 is 

provided to the adder 310, -when t'1e c:;c;>mparator output signal 
. . .... . . .. . ' . ··' . ·.· .. . .· · ..... 

15 223 as_sumes. a logica.+: 1. T~e. digital. values __ +Ia--:a~d -:r0 are 

provided as.pulsedinjection·values to control· movement of the 
·. • • . . . . . . . • • . - , • ·~ .. :· . . . i; ,.· . . 

. :actuator. . If both comparator output, s~gna,l~ 22,l anQ. 223 are 
. - . . . .. . ·... . . .. . .. .. .· . . . .· . . ..• ... 

zero (0), both switches 320 ap.d 322 r~in open and no pulsed 
. ·.. . - ._, . 

. . injection .is prov~ded to the adder 310.. It is noted that, if 
.. . .. ..... .. . ,• ._: .. . 

2 O both compar~~or oµtpu.ts assume_ a loqica_;L 1-1. t~e:l:'e .. ~s an error 

and the comparator outputs . can be ignored._, 
• . ·.· . . • . -1. . . .• . 

The a~de~ 31.0 sums_ the pµlsed. ii\~ ec~-ion value +I0 or 

·Ia,, if Ciny, with a feed:·forward generaJ:.qr, (PPG). value 307 and 
.. . . .. .. '.. .... .. ····"" ........ . 

provides the SUllll\ed signal 311 to the servo cq,mpensator 318. 
. . . ... . .. : ·: ' . . ., -~ :. . . . 

25 It is noted .that though the adder ~.~.,O is conf i.qµr~a to receive 

sj,.9na1 313, this signal may be igll()red _or not proyideci in track 

following op~rations as it is ,primarily used in .. ~rack seeking, 
: . . . . . . -~ . ·.. . . . . : . . . 

as described below:. The PFG value 307 repre15en.ta -~head axial 
. ..\ . . . . . . . .. . - . - ~ .· . 

offset:- and track runout as a function of disk 24 rotation: and 
. . . -~· . .' : . . . . . ' : ' . ·I 

30 is .provided to tl'le adder 310 _b~ the feed•·forward, qenerator 

(FFG) 306. ·The FFG: 306 stores th~- predetepni.ned _MR head 80 

axial offse:t ,(l_nd track_ runout fqr .. ~.ach -~ head 80 of a storage 

d~vice in.a Rangoltl Access Memory (RAM). The track_ runout and 

head off set for .each ·MR head. 80. ~Y be d~t~~ined using a 

35 .calibration procedur~ ·set forth pelow .. 

The serVo co~~nsator 318, typically a micro 

processor, processes signal 311, and, taking into account the 
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type of data track so, i.e. odd or even, generates a servo 
positioning control signal 319. The control signal 319 is 
converted to an analog signal 315 by the DAC 314 and provided 
to the driver 316, which in response provides a current 317 to 

5 t.he voice coil motor (VCM) 39 to move the actuator 30. In this 
manner, movement of the actuator 30 is controlled so that the 
MR head 80 follows a given data track 50. 

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 qenerate a siqnal for controllinq the radial 
velocity of the actuator arm 30 and thus the MR head 80. For 

15 ex,ample, if the estimated velocity is less than the.desired 
velocity, the servo compensator 318 qenerates 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 80 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 qenerates an estimated head 
velocity (EV) signal 303 which is subtracted by adder 308 from 
a d~sired 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 qain +K or -K in 
multip1ier 312 and the product 313 is provided to the adder 
310. ~e seek control.ler 302 may also provide a seek direction 
signal 300 for use by multiplier 312 to determine whether 

30 vel.ocity 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 
canpensator 318, which processes the value 311 and generates 
a 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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decreasing the radial velocity of the MR head BO so that the 
M1t head BO can 'efficiently ·seek and be positioned' over the 
desired location~ 

. The seek coritroller 302 generates the estimated head 
s velocity by ni~asuring the . t-ime between· : readback' signal 81 

magne.tic ··component dtopoufis, which occ\ir as the MR head BO 

passes over the track "tnarkers 106 r ·and dividing this· time into 
the fixed track pitCh. using osci·llator pulses. This velocity 
estimate may·be further refined by compensating for the track 

10 runotit .of the .MR· head 80. Stich further refinement may be·done 
at ·J.ow head ve1ocities,· for example1 when the MR head 80 is 

settling onto a specified data track 5;0. '.·:rt is noted that the 
estimated 'velocity .: inay a1so' be· determined usi.nq thermal 
component peaks which, similar to magnetic ·dropouts if the disk 

15 24 is magnetically recorded: occ:Ur over track markers· 106. The 
magnetic."eompon~nts, hawever r provide ·a·hiqher. signal-to-noise . 
ratio .. 

In addition to' estimating MR head so velocity, the 
seek controller 302 keeps account Of the track.number Of the 

20 current data track over which'.the MR bead 80 is positioned and 
also counts data track crossings. Data track crossinqs are 
counted in a track crossingdetector·230; as shown in Fig. 9, 
by amplitude detecting the ·.thermal coml>onent peaks or the 
magnetic corilponenf dropouts in· the readback siqna~ which occur 

25 as the track markers 106 are traversed-by the recording head. 
Each time· the head crosses· a track ma·rker 106 ·a pulse is 
generated ori line·. 201 at the· output of track crossing detector 
230. The seek ·controller· 302 'ise·s. current: track number and 
track countinq to determine the diff.erence between the current 

30 data track nuinber over which the MR.head 80 is positioned and 
the targeted ·data track··number which 'the MR head 80 is seekinq. 
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 velocity 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'siqnal approaches zero, i.e., as the 

-18-
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MR head nears the target track, the radial velocity decreases 
rapidly and the actuator control may switch into a settle mode 

.:wb.cu"e the track following demodulator outputs 221 and 223 may 

be used jointly with the track crossing detector outputs for 
5 velocity estimations. The switch to settle mode may be 

triggered if TTG is below a certain count, e.g., TTG < 1 - 2 

tracks. 
The velocity profile controller 304 receives a TTG 

siqnal .353 a_nd uses it to determine the desired velocity of the 
10 .~ head 80. The desired head velocity is determined from a 

.relationship between the desire_d head velocity and TTG. This 
:relationship is predetermined and may be stored in a look·up 
tab1e in RAM coupled to the velocity profile controller 304. 

The servo control system advantageously provides 
15 continuous servo control as the thennal component of an MR head 

80 can be sampled concurrently with the magnetic signal 
component. Unlike traditional magnetic servo techniques, 
·the~l servoing can reach sampling rates in excess of 100 KHz • 

. The higher sampling rates of thermal servoinq provide for 
20 sma11.er actuator coil currents. Moreover, due to the 

mechanical inertia of the actuator, these small currents are 
inteqrated to produce very smooth motions. thereby reducing 
actuator jerk. The finer actuator control allows for higher 
track densities (approachinq 16, 000 tracks per inch for a dual 
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 
potential1y create track misreqistration (TMR) can be detected. 
Similarly, any random MR head 80 modulation, e.q., modulation 

30 caused by-an MR head 80 that is not lifting off the disk 24, 
can be detected. 

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

35 the alignmen~ 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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disks 24 ·in a storaqe · dC:lvice, ·· each disk ··24 in the · disk pack 

likely ii.as a different eccentricity or runotit.- · Iriaddition, 

mechanical toleranc~s· wiil cause axial Of-~sets . between the MR 

beads··ao-: Thus,· 'a.ca-l.ibration procedure is needed to determine 

5 individual disk r\lnout, MR bead·axial offse·ts, and·rotational 

position alignment d{fferences-with respect to the radial index 

markers 112. 

To call.bra'te and format disks 24 in a storage device, 

each disk 24 is provided ~ith an ·a:nnu1·ar 'c:;aiibration zone 110 

10 which can be located ·_anyWhere on the:·disk 24, for· eXample, at 

the- outer .diameter. (OD) crash· ·stop of- the· di'.sk 24 or at the 

iriner diameter (m) crash stop of: the~ disk -24. The' calibration 

zone 110 mu:st have a width at lS:ast as large as the:·werst case 

. eccentricity of the disk 24 plus the maximum MR head axial 

15 . offset •. An exempla'cy width is .. 32 tracks~ 

As iiiustrated i"n· PigUres 1:1 (a) and 11 Cb>, the 

calibration zone 110 consists of a rep'1!at.ing Gr"ay code pattern, 

which may be eqUaliyspaced and have six to eight bits. The 

.·.Gray code pattern may .. ·be' inter:Laced by blank·. space or by 

20 ·. frequency patterns 39:4 and 386. The gray ·code pattern 382 and 

the fl:equency patt:ems 384 and 386 consist of· variations in 

disk characteristics~- which may be thermally readable. In the 

illustrated embodilnent,=the gray code pattern382·is encoded 

" as embossed depres.sions 'and.the frequency patterns 384 and 386 

25 comprise radial -qrooves. The MR heaa<so will therinally resi>bnd 

·to a depression or groove with a positive spike•'like signal. 

It fs·:noted, that patterns illustrated in F-igs. 11 (a)' 

and li (bl have a ·linear density ori the disk: -such >that their 

frequency at a 'rated disk velocity' is commensurate with the 

30 · frequency range of· the thermai sicjnal. For example, while 

magnetic frequencies are typica:Lly on the. order of: 100-200 MHz, 

the thermal frequenci~s. are _significantly less, e. q. , the 

patterns may hcive a· frequency ·of :100-200 kHz. ·· 

A segment of an exemplary .· calibratiori' ·zone 110 is 

35 illustrated in Pig. 11 (a) . · The se<Jment she>Ws eight tracks 

labelled n-2, n-1,' n, ·n+l, n+2', •... , n+S, a four- bit Gray code 

labeled {b3 , b2 , b 1 , b 0}·, and frequeney patterns 384, 386. The 
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Gray code, which may be written on 1/2 track width pitches with 
1/4 track width offset, are designated by ••.• j·2, j-1, jfl, 
•••• In the exemplary illustration of Fig. ll(a}, the MR head 

,. 80 is located on calibration zone track n+2. As the head 
5 traverses the Gray code 1/2 track (j+4), two positive spikes 

{b3 , b2 } result. Since a smaller portion of the head traverses 
Gray code 1/2 track (j+3), a smaller spike (b0 ) results. The 
spikes are compared to a threshold, and if the threshold is 
exceeded, a logical 1 may be output, otherwise a logical O may 

10 be output. Por example, in the illustrated embodiment, if only 
spikes (b3 , b2) exceed the threshold, a code {1, 1, O, 0} will 
be decoded .. 

The Gray code 382 is processed to determine axial and 
relative head off set 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 coupl.ed to the feed-forward 
generator 302 and used in the servo control system for track 
followinq and track seeking. The axial offset of an MR head 
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 siqnal averaging. A thermal Gray code 
signal is created in the readback siqnal of the MR head 80 as 
it passes over the Gray code pattern 382 depressions and 
el.evations. The thermal Gray code siqnal is processed to 

25 determine absolute average measurements of disk eccentricity 
or runout. The axial head offset is determ;ned 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. 

·30 The axial head offsets may be used in multiple disk 
systems to determine the physical track of each MR bead 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, t~e 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 
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exainple of this mapping for a: storaqe system having three disks 
and six MR heads- So is -shown in Fiq. -12. The solid circles 
represent the positi6n of each MR head 80 =in the calibration 
zone 110. The.- distance: -between the solid circles and the 

s horizontal axis represents the;axial off'set of each MR head 80 

from its physical· track zero.·· Since MR- head' number 5 has the 
largest - axial offset·· of s. s- tracks) Jt is -mapped to its 
physical track- zero.·-. The remaining 'MR heads 80 are mapped to 
physical tracks whi-ch are· 5=.5 tracks spaced from their 

10 positions in the- calibration ,zone ·110. By -mappinq' cylinder 
zero to the ·physical track zero C>f the MR-head '80 with the 
largest axial offset, the seeking required during head 

--switching is minimized. 
The frequency calibration:- patterns 384 and 386 are 

15 used for measuring the the::rinal sensitivity of .the MR heads 80 
in order to determine appropriate se:tvo thresholds>t9 and tb for 
a given head~- Servo·- thresholds t. and tb compensate for 
different therinal sensitivities-'between MR heads- 80 resul.tinq 
from differences in MR element·. dimensions,-. recession, shield 

20 spacing and dimensions, MR lead thermal conduction, etc. 
To detetmine the se:rVo thresholds ta and ti)· for each 

MR head 80 in a storaqe system,; -the frequency patt-erns 384 and 
386 have· serration freqliencies, which, for example, may be 

equal to the serration frequencies fl: and f2 of serrated edqes 
25 501~ and 5000 • - '.l'be t.h:teshold -. calibration procedure for a 

multiple disk device- includes the0fol1owing steps. ·=First, all 
MR heads 80 of a storage :system are moved to the calibration 
zone 110 of their· resp.active disk 24. :An -MR 'head 80 is 
selected and it's respeci"tive · disk 24 is rotated. Thermal 

30 frequency magnitude responses t (f1 ) ·and t (f2 ) are created as the 
MR head- eo· passes over frequency patterns· 384- and 386. 

Threshol.ds ta 'and tb may be calculated using thermal· frequency 
magnitude responses t (f 1) and t (f2l~ For example, as shown in 
Fiq. 8, the ratio of th.e thresholds to the plateau amplitudes 

35 may be a constant - based upon the assumption that thermal 
sensitivity along the w1dth W of ari MR element is constant, or 
the thresholds may be dete:i:-mined · from the· relationships: ·ta = 
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k.t {f1) and to == kl>t (f2 ) • Thresholds t 11 and tb for the selected 
MR head 80 are stored in RAM, and the process is repeated for 
another MR bead 80 until threshold values for all MR heads 80 

in the storaqe system have been calculated. 
5 An ex~lary calibration procedure for determining 

the position of all of the index markers 112 on the disk 24 
~urfaces in a disk pack involves the following steps. An index 

marker 112 of a reference disk 24 is identified, and the time 
difference {including head switch time) between the reference 

~P disk 2~ index marker 112 and an index marker 112 of a second 
disk 24 is measured. This is repeated until the time 

:difference b~~ween all index markers 112, and therefor sectors 
,, 52, is established. Advantageously, the relative timing 

" . calibration .can be performed simultaneously with the thermal 
l·S signal· calibration. 

25. 

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

storage medium and separating the thermal and magnetic signal 

cotBPOnents from the information signal. An MR head 80 is shown 

in close proximity with a surface of a data storaqe disk 24. 
The readback signal induced in the MR head 80 is typically 
amplified by the AB module 202. Filtering of the readback 
signal by the:AE module 202 may also be performed. As shown 
in qrapbical ·form at the output of the AE module 202. the 

. analog read.back signal 460, containing a relatively hiqh 
frequency magnetic signal component 46la,, exhibits a distorted 
D •. c. baseline due to the presence of a low frequency modulating 

signal compcment. It is appreciated by those skilled in the 
30 art tbat a mocl\Jlated readback siqnal 460 ~ or more particularly, 

a modulated maqnetic signal component 461a of the readback 
signal 460 has long been ~dentif ied as a source of a number of 
data .stor~e system maladies, includinq servo control errors 

and inaccuracies, a reduction in d~ta 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 com.prising 
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independent magnetic and thermal signal components,.·and that 
··the low frequency modulatinq read.back signal baseline is in 
actuality an independent .. thermal signal Component Of the 
readback siqnal 460.· It: has further beendetermined by the 

s inventors, as··· will· also be discussed in detail hereinbelow, 
that the undesirable ·readback siqna'l 460 modulation can be 
eliminated or substantially reduced · in magnitude, thus 
providing for a' 'pure magnetic si'qilcH representative· of data or 
servo inforinatien. ·. 

10 In Figs.·14 and 15, there "is respectiveiy·iilustrat'ed 
a distorted ~eadback ·signal' and an undis•torted readback signal 
restored by a signa'l separation/resto·ra.tion module 476 as shown 
in Piq. 13. The signal separation/restoration mOd.ule 476 

processes the readbaCk· signal 460 -to restore the readback 
15 signal basel.ine, as shown in Fig~ ·1s, by eliminating the 

· ·undesi.rabie ·baseline· modulation, thereby producing a pure, 
·unperturbed maqneti~ signal 461b.: .It is noted· that the signal 

separation/restoration; module 4 76 .·. generally represents the 
readback signal filter apparatus of_theservo demodulator 200 

20 ··illustrated in ·Fiq. 9 needed to·.extract the· thennal .siqnal from 

·.the read.back· siqnal. · 
'i'he independence of the magnetic signal ··and the 

thermal siqnal is demonstrated by.the wavefonns shown in Fig. 

17. The' waveform shown· in Fig. 17 (al ;represents t'.Pe thermal 
25 ·signal·· extract.ed ·from· a ·composite readback siqnal using an ·MR 

head and a digital .filter. configUred as· a I;ow, pass· filter. 

After the waveform shown in ·Fig. 17 (al was obtained, the track 

from which : the wavefonn was generated · was sUbj ect 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) . 
· :rt can be seen that the extracted thetmal signal shown in Fig. 

17 (a) and the readback signar derived tram the erased track 
shown in Fig. l 'nb) · are subs,tantiall'y identical. The two 
waveforms · provided in Fig. 17 verify that the two 

35 simultaneous1y read 'thermal' ·and magnetic siqilals are 

independent and separable. 
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Referring to Fig. 16, there is illustrated an 
embodiment of a signal separation/restoration module 476 
discussed previously with respect to Pig. 13. It is to be 
understood that the siqnal separation/restoration module 476 

5 may be employed to perform the single task of separating the 
independent magnetic siqnal from the readback signal 460 in 
order to remove the low frequency modulation component of the 
readback signal 460 attributed to thermal signal influences. 
In another enibodiment, the signal separation/restoration module 

10 476 may be employed to perform the dual tasks of separating the 
magnetic signal component from the readback signal 460 to 
remove low frequency thermal siqnal component, and, in 
addition, extracting the thermal signal, thus making available 
for subsequent processing both the pure magnetic signal and 

15 pure thermal signal in independent f onn. 
As shown in Pig. 16, a read.back signal is sensed by 

the MR head 80 situated in close proximity with a magnetic data 
storage disk 24. In one embodiment, a read.back signal received 
from the AE module 202 from the MR. head 80 is converted from 

20 analog form to diqital form by an analog-to-digital converter 
204. The digitized read.back signal is then communicated to a 
de1ay device 486 and to a programmable filter 488. The 
proqrammable 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 siqnal applied to the input of the 
proqrammab1e fi1ter 488 is subject to a tota1 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 
siqna1 component of the readback signal and to filter out the 

35 relatively high frequency magnetic signal component. As such, 
the progranunable filter 488 is configured as a low pass filter 
and program:ned to pass the thermal signal which can be 
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generally characterized as a medium frequency signal with much 

Of its energy in the frequency range of·- approximately 10 

kilohertz (KHz} to approximately 100-200· KHz. It is noted that 

the magnetic signal component of the readback siqnal has a 

5 frequency rangiriq between ·approximately 20 megahertz (MHz) and 

100 MHz~ The thermal signal 480 ·at 'the ·output of the 

programmable fil.ter 488 -_is comnunicated to a signal summing 

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

the thermal siqnal-480-may be transmitted to-other components 

10 in the data storage system, such as a s:ervo control for 

purposes - of controlling track followinq 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 •- readhack 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 throuqh ·the 

programmable f-ilter: 488.- , ~s such, the readba,ck signal 460, 

containing both magnetic- and thermal signa·1 components, and the 

20 ·thermal signal 480, extracted from the·readback signal by- the 

programmable filter 488, arrive at the signal summing device 

· · 490 at substanti~llY· the same time. 0
: ·The signal swmning device 

490 performs a demodulation operation on --the readback signal 

460 and thermal -siqnal 480 .to produce a -restored readback 

25 signal 478. Thus, the siqnal s:eparation/restoration module 476 

illustrated ·in the embodimen.t .depicted in Fig. 16 provides for 

the separation of the magnetic and thermal signal components 

-of a composite read.back signal and,-· additionally, produces a 

non-distorted restored maqnetic readback signal 4'78 • For more 

30 details on designing, implementing, and programming a FIR 

filter· for use in the ·signa'.l separation/restoration module 476, 

reference is made to E.C. -Ifeachor, B~W~· Jervis, "Digital 

Siqnal -- Processing• (Addison-Wesley Publishing company, Inc. 

1993) • .. 

35 · ·-Returning. to Figs._ 14 and 15-, the 'lliOdulated readback 

signal 460 shown in Fig. 14 represents the appearance of the 

readback signal - prior -- to - being processed-_ by the signal 

-26-
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separation/restor~tion module 476. The representation of the 

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

of F~g. 14 after being processed by the signal 

separation/restoration module 476. The undesirable influence 

5 of tbe thermal signal component of the distorted readback 
.. signal shown in Fig. 14 was eliminated by employing a 9 ·tap FIR 

filter in the signal separation/restoration module 4 76 in order 

to produce the restored mag~etic readback signal 478 ·shown in 

Pig. 15. The magnitude and phase characteristics of the 9-tap 

10 FIR filter utilized to produce the restored magnetic readback 

signal 478 shown in Fig. 15 are illustrated in Fig. 19. 
In particular, it can be seen in Fig. 19(b) that the 

9•tap filter exhibits perfect linear phase response over the 

frequency range of interest. The effectiveness of the 9-tap 

15 FIR filter in eliminating the baseline shift or modulation of 

the readback siqnal is demonstrated in Fig. 18. Fig. 18(a) 

shows a readback s1qnal demonstrating an unstable or time­

varyinq baseline. rn Fig. 18(b), the modulatinq base1ine of 

the readback siqnal apparent in Fig. 18(a) has been eliminated 

20 after passing the distorted readback signal through an 

appropriately programmed 9·tap FJ:R filter. The tap weights for 

the 9-tap filter used to restore the baseline of the readback 
siqnal was defined to include tap weights of: 

··2-5 

B(i) = (1/9) • (·l, ·l, -1, ·l, 8, ·1, -1, -1, -1), 

or 
B(.i) = (-.111, -.111, ·.111, -.111 •• 889, -.111, -.111, ·.111, -.111) 

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

passinq the modu1ated readback signal shown in Fig. 18 (a) 

thr~uqh 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 passinq 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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baseline o·f the readback "S'ignal as shown in Fig. 18 {b) are 

respectively shown in Pigs.· 19 (al and 19 {b) .•. ·It "can be seen 

in· Fig. 19 (a) tha·t ·some degree bf ripple may oceur in the 

passband of the filt.er which may' be eliminated" by applying a 

5 window function :to the tap weights of· the·;.g ·tap FIR filter. 

10 

By way 'of example I . a Haimrtiiiq 'window can be applied to the tap 

· weights of the '9 - tap FIR 'filter to produce a· windowed restore 

f il'ter having the' following tap wei9hts :' 

b(i) = ·(-.0089, ·.0239/ ·.06f ·.0961, .en9: ·.0961,· ·. 
•• 06, .• .0239, : .0089) 

The output of the 9 ~tap windowed. FIR :;fi;lter having the above­

listed tap weights results in the elimination· pf the ripple as 

shown in Fig .. 20(a). · As further:· shown. iQ- .. Fig. 20(b), the 

windowed 9 -tap . FIR filter retains .:its perf ec:t linear p;tiase 

15 response. ·It is .. noted that apply.inq ~ winqow .func;:~ion, such 

-as .. a Hamming window, to ·the tap ."{eights: of the .programmable FIR 

filter· 4 88 allows· for,· a no~ -zero . DC .. gain and some. increase in 

low frequency response.·' 
Turning now to Figs. 2.3-29, ther,e is _illustrated 

· 20 another· embodiment of. a signal ·separa,tiQ~/re~t.~ratJon module 

476. In the design of an: AE m,Odule 202 as -illustrated in Fig. 

13, it is often desir~l.e to inc1u.de: et. highpa.~~ filter in 

conjunction with a preamplifier for purposes of rejecting the 

relatively low frequency signal;: content· of the composite 

25 readback signal produced by the MR head 80. The highpass 

filter of the AE modU':le '202 distorts .bot:h · in ,amp·litude and 

phase the thermal signal component of the composite readback 

signai·. The magnitude of the thermal ·signal distortion due to 

the highpass filter ··varie:s in severity depending on the 

30 freq\iericy and phase response of the particular hiqhpass filter 

employed. 
By way of example, a highpass· filter suitable for use 

in an AE · module ·20'2 ··may have·· a cutoff frequency of 

approximately 500-KHz and t!xhibit non-linear phase behavior. 

35 The frequencies associated:with head-to-disk spacing changes, 

however, typically range below 200. KHz. Moreover, the thermal 
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siqnal of a readback signal typically has a frequency ranqinq 
between 10 KHz to approximately 100 KHz. It can be appreciated 
that a hiqhpass filter having a cutoff frequency of 
approximately 500 KHz will significantly distort the amplitude 

5 and phase of the thermal signal component of the readback 
si91lal. The magnetic signal component of the readback signal, 
however, remains unaffected by the highpass filter since the 
frequency range for the magnetic signal is generally some 20 
to 40 times that of the highpass filter cutoff frequency. 

10 In Piqs. 23 (a) and 23 (b}, there is respectively· 
illustrated graphs showing the magnitude and phase response of 
the hiqhpass filtering behavior of a typical AE module 202. 
The highpass filter has a cutoff frequency of approximately 500 
KHz. The transfer function for the hiqhpass filter having a 

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

20 

where: 

bh (1) = .9876 
bh(2} = -.9876 
ah {2) = - • 9752 

H= b,,,(1) +bh(2) ·z-1 

1+ah(2) ·z-1 
[1] 

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

25 filter having a transfer function inverse to that of the 
hiqhpass filter. Passin9 the readback siqnal output from the 
AE module 202 through the inverse filter restores the thermal 
signal to its original fonn, both in amplitude and phase. For 
example, the transfer function of an inverse filter for 

30 conditioninq a readback siqnal passed through a hiqhpass filter 
having the above-described transfer function of equation [1] 
is: 

[2] 
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The magnitude and phase response · for·· the highpass 
filter of the AE module 202 arid the inverse filter described 

. . 

above are respectively plotted iri -·Figs~- 24 and 25. In 

particular, the magnitude re.sponsa of': the inverse. filter and 
5 the highpass fiiter of the AE module 202 -is respectively shown 

as curves 570 and 572 in Fig·. 24. The phase response of the 
. inverse filter and hiqhpass'" filter is. respectively shown as 
curves 576 and·S74. 

In one embodiment., ari infinite impulse response (IIR) 
10 filter is programmed to resp0nd as an'. inverse filter for 

J)urposes of restorinq tlie thermar·signal content of a highpass 
filtered r~ad.back signal. ·Although· an ana10g filter can be 
emPloyed in ·an alternative· enlbodiment, .. an IIR·· fllter provides 
a number of· advani:.acjes well-suited for 'use as ·an inverse fi_lter 

15 for purposes of restoring the amplitude and phase of a thermal 
signal distorted by the J:iiqhpass ·filter behavior of the AE 

module 202. 

20 

25 

The signal- ·fle>W ·aiaqram illustrated in Fig. 26 is 
representative of a first order IIR filter conf iqured as an 
inverse filter. The coefficients associated with .the signal 
flow graph of Pig. 26 for a first. ord~r IIR inverse filter 
having a transfer function given by equation (21 above are: 

ai = .9876 
· a:a = -.9876 
··.b-i = .1· 

b2 = .· - .9752 

In Fig. ,28, there i~ p.,lustrated. .. three waveforms that 
demonstrate . th.e effectiveness of the inve::rse filter for 
.restoring the. original ainplitude al)d phase of the thermal 

.· .. . . . ... ; .· 

30 signal component of a readback. ~ignal that has been passed 
. ' . . ::. . : . : . . . . ' 

through a. highpass filter.. In Pig. _28 (~_), there is shown a 
readback signal detected from a p.:i,.t in a data .storage disk 
surface .. ·The readback signal ~ll.OWn in Fig._ ~8 (a) ~as detected 
from a track.written at a 20 MHz writ~ frequency. The read.back 

35 signal was sampled at 100 MHz with 8-bit resolution. 'I'he graph 
showri in Piq. 28 (b) .I:'epresents the calculated peak-to-peak 
magnitude of the readback.siqnal of Pig. 28(a). The signal 
shown in Pig. 28 (b), accordingly, represents the magnetic 

-30-

•: ..• 'I:.··:-~ .•. - . ~. . . . •• · :.:- .· •• : : .:·.- .. :: .•.. -~:;.; 

:I 



W097l24'08 PCT/US96/19945 

spacing siqnal 560 which clearly shows a loss of magnetic 
signal due to the MR read element passing over the pit. Figure 
28 (c) illustrates the thenna.l. signal component of the readback 
siqnal after bavinq been passed through the hiqhpass filter 550 

5 of the AE module 202. It can be seen by comparinq the 
waveforms of Fiqs. 28(b) and 28(c) that the magnetic spacing 
information and thermal spacing info:rmation do not correspond 
closely with one another· because of the distortion to the 
thermal signal component caused by the highpass filter 550, 

10 which has essentially differentiated the thermal siqnal. For 
more details on designing, implementinq, and programming an IIR 

filter for use as an inverse filter, reference is made to E.C. 
Ifeachor, B.W. Jervis, "Digital Siqnal Processing• (Addison· 
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 d~gital filter 552 and log device 554. It is noted that 
i:,he 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 

as longer time constant associated with the thermal spacing siqnal 
5~2, a magnetic spacing signal 560 and thermal spacing signal 
.562 describe a disk surface pit. Thus, the integrating effect 
that the inverse filter 556 on the distorted thermal signal 
shown in Fig. 28{c) provides for a correct thermal spacing 

JO signal 562 to be produced. 
Ref erring to Fig. 27, there is shown in bl.ock diaqram 

form a system for processing a readback signal to obtain 
magnetic and thermal head-to-disk spacing information. A 
readback signai is detected from the disk surface 24 by the MR 

35 head so. It is assumed that the readback signal is a composite 
signal containing both magnetic and thennal signal components. 
The read.back signal detected by the MR head 80 is communicated 
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to the AB module 202 and then to a highpa~ss filter 550. The 

highpass filter 550 is shown as: a cdlnponent external to the AE 

module 202. · ·In general· practice, however, the highpass filter 

· 550 is incori>orated into·· the· AE module .· 202. The transfer 

5 function of the highpass filter· ls denoted as Ho· 
The· output ·signal from the highpass filter 550 is 

sampled by an .arialog-to-·digital ·converter 551· to create 

. digitized samples of the hiqhpass f'ilter·ed. readback signal. 

The digitized readback signal ·is then commun·icated to the 

10 inverse filter ss6 which· corrects for the .distortion introduced . 

. by the hiqhpass· filter 150 of the AE module 202.· The transfer 

function of.the invers·e filter·ss6 is'denoted·as Ho· 1 • The mean 

of the· signal passed through the :inverse filter 556 is obtained 

by digital filtering using a mean fiiter· 558 to produce a 

15 tlierina'1 signal which is linearly related. to the hea·d:. to-disk 

·.spacing. 
. The readbacic sigila1 ··provided at the output of the 

analog- to- df g i tftl .. converter SS l may ·also be· commuriica ted to a 

digital filter S52,· such as a FIR filter/ that extracts the 

20 peak~to-peak amplitud·e of· the readback signal so ·as to extract 

the magnetic s'ignal ·:component from· the .· readbaek signal. The 

· lb(Jarithm of· the· magnetic· ·siqna1·· is "obtained by·. passing the 

lriagrietic signal ·through the· log device·SS4, which produces a 

maglietic signal 'that. is linearly·related to· the head-to-disk 

25 ·. · spacing. ··• Hav'fnq' · extradted both ·the magnetic and therina1 

·spacing siC;rnals 560 ·and 562, respectively,·· the •thermal signal 

can be calibrated since· the maqrietic calibration is' known and 

only depends on the recorded wavelength· bf the signal. It is 

important to· note that both·tlie magnetic and thertnal spacing 

30 signals 560 and 562 are linearly proportional· to the head-to­

disk spaci.ni;· (y) • 

In order to more fully appreciate the various aspects 

of the present invention; a brief discussion of a conventional 

MR liead ·is provided. The gen·eral · layout of the princ,iple 

35 elements in ct 'typicai merged .MR 'head 600 is illustrated in 

Pigs. ·21 and 22. The illustrations are· riot• drawn to scale, but 

rather are provided.to· illustrate the reiative orientation of 
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the various MR head elements. The MR head includes a pair of 
shields 601 and 603. An MR element 602 is located between the 
shields 601 and 603. The MR element 602 operates as a read 

element of the MR head 600. 

Element 603 in conjunction with element 604 form a 

th~n film magnetic head functioning as a write element for the 

MR head 600. Elements 603 and 604 operate respectively as 
first and second magnetic poles of the thin film write element. 
The dual function of element 603 (i.e., acting as a first pole 

10 of the write .element and as a second shield) results in the 
merged nature of the MR head 600. Insulation layers (not shown 
for purposes of clarity), such as glass, are typically formed 

between the various elements of the MR head 600. 

As further depicted in Figs. 21 and 22, the first 
15 shield 601, MR element 602, and second shiela 603 extend upward 

from the surface 501A of a disk 501 in respective vertical 
p1anes. The second pole 604 is not shown in Fiq. 21 for 
purposes of c1arity. The planes of the elements are 
illustrated parallel running in the direction of the p1ane of 

20 the page. :rn 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. A1so 

, :{~:~~i-~'.7.~~~-3re the negative and positive MR leads 701A and 701B, 
··· ·· tT.1~-~tive-tp'. These leads are fanned in a plane between the 

·~25··-· ···-finrt: .. sh.l"el.d 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 nonnal 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 v271 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 surf ace 101A 

causing the MR element 602 to heat up. This heating cause the 
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MR head·. 600 resist'ance to .increase ·due . to .·the positive 
temperature coeff.icient of the material constitutinq the MR 
element 602. For . example, permalloy has temperature 

coefficient of + 3 x io-3 / 0 c. as Il\~ntione:d previously. At a 

5 ·. cons·tant ·bias ·current, the voltage v2"il across the MR element 

602 resistance will increase. If the::MR element 602 comes in 
. close proxi~ ty to the" disk surface SOlA, more heat· ;transfer 
will occu~ bet~eeri :the MR element 602 'and the disk surf ace 501A 

causing cooling of the MR elem~nt 602. The resulting lowering 
10 of the MR head 600 resistance will lower the voltaqe v271 across 

. . 

the MR element 602 at a constant bias 9urrent. 
It will, . of course, be understood that various .- . . .. - . ·. : . . . . . . . :_. .. - . . ~, . . .. . . . ·.: . ·.:. . 

modifications and. additions can be made to the embodiments 

.15 

discussed hereinabove .wi~hotit dej,afti~q from the . scope or 
spirit of the present invention. PQr ·'ex~ie, the novel servo 

...... : .. _,,, 

. ·-· : . . . ,···. ·. :·· 

positioning method and apparatus may be employed in systems 
employing op~ica~ , data disks, or' ... Jisks having. spi~alled or 
other non-concentric track confiqu;rat:i.ons. Accordingly, the 

. . . 

scope of the present invention. should not be limited to the 
. . . . .. .•.::·· . .· .. . 

20 particul.ar embodiments discussed above, but should be defined 
~nly by full and fair scape of the claims set forth below. 

THIS· SflEET HAS BEEN 
REPLACED . 

TiiOlr· 
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Claims 

A storage device, comprising: 
a magnetoresistive (MR) headi 

PCf/VS'6/1994S 

111111111111111111111111111111 
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a storage medium mounted to allow·relative movement 
between said MR head and said storage medium, said storaqe 
medium including servo information provided to induce a thermal 
response in said MR head; and 

a controller provided to control the relative 
movement between said MR head and said storage medium usinq 
said thermal response in said MR head. 

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

3. A storage device as recited in claim 2, wherein said 
servo information comprises surface profile variations of said 
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 s. A storage device as recited in one of claims 1 to 4, 
2 wherein said controller includes a demodulator conf i<JUred to 
3 extract said thermal response from a readback signal. 

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

1 7. A disk for use in a storaqe device having a 
2 maqnetoresistive (MR) head, comprising: 
3 a plurality tracks, each track having an inner . 
4 diameter (ID) edge and an outer diameter (OD) edge, said ID 
5 edge and said OD edge of each of said tracks being thermally 

= . . . · :~~-;::-1!,:j:·st:inquishable by said MR head. 
; . ' ~ ... ' -:· :·~ "; • :r·1:·~ ~- .. i . ; 

l . -
("1 ~; ! ·. ~.I. : • 

'-.! .... \.. .I -·. . i. 
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1 8. A disk as ·:reclted in claim 7, wherein said ID and OD 

2 edges have serration, said serrations having a first frequency 

3 and a second frequency, said first f'requency being different 

4 from said second freq\iency. 

1 9 • A disk as recited 'in Claim '8, wherein ·an ID edge 

2 serration of one of said tracks ancf an OD edge serration of an 

3 adjacent track ·have equivalent· ·frequenci·es. 

1 10. A disk ·as recited in claim 8 or' 9; wherein· said first 

2 frequency is twice· said second frequency. 

1 11. A disk as.recited in one Of claims 8 to 10, wherein 

2 said serrations have square waveforms. 

1 12. A disk as recited :i.n'one of c1aims 8 to 10, wherein 

2 said serrations have sinusoidal wavefortnS. 

1 13. A disk as recited in one of claims 8 to 11, wherein 

2 said track·s are separated by surface profile variations. 

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

2 profile variations comprise topographical variations in disk 

J height. 

1 15. A disk as recited in orie Of claims 8 to 14, wherein 

2 said first and second frequencies have serration cycles being 

3 a power of two (2). 

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

2 · said serrations align radially. 

1 17. A disk as recited in one of claims 8 to 16, further 

l comptising a calibration zone having a patt~rn of gray ,code 

3 readable by said MR bead for measuring.disk eccentrlcity and 

4 MR: head axial offset. 
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1 18. A disk as recited in cl.aim 17, wherein said gray code 
2 comprises depressions in said disk. 

1 19. A disk as recited in claim 17 or 18, wherein said 
2 calibration zone includes a dual frequency pattern readable by 
3 said MR head for measuring the thermal sensitivity of said MR 
4 head. 
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20. A disk as recited in claim 19, wherein said dual 
frequency pattern includes a first pattern having a frequency 
equivalent to said first serration frequency and a second 
pattern having a frequency equivalent to said second serration 
frequency. 

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

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

23. A method of positioninq a maqnetoresistive (MR) head 
relative to a storage medium, the method comprising the steps 
of: 

inducing a thermal siqnal in said MR head with said 
storage medium; and 

moving said MR head in response to said thermal 
signal. 

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

signal of said MR head. 

25. A method as recited in claim 24, wherein said 
extractinq further comprises the step of: 

' - . 
selectively restoring said thermal signal of said MR head. 
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1 26. A method as recited in claim 25, wherein an adaptive 
2 inverse filter is used for said restoring. 

l 27. A. method as r·ecit:ed in· one .of claims 23 to 26, 
2 wherein said movinq stet> further comt>ris·es the step of: 
3 generating a first output in' responsa to a first 
4 frequency component of said thermal signal and a second output 
5 in response to a second frequency component of said thermal 
6 signal, wherein said moving is in response to sa1d outputs~ 

1 28. A 'method as' recited in claim 27, wherein said moving 
2 step further coinpr1s·es the ·st.eps of: 
3 providing a first value in response to said first and 
4 second comparator outputs: 
5 providing a second value' repfesenting MR head axial 
6 offset and disktUnout~ 
7 adding said first value and said second value; 
8 providing the sum of said 'adding to a controller for 
9 positionin9 said MR head. 

1 29. A method as recited in claim 27 or 28, wherein said 
2 generating ~tep fl1rther comprises the steps of: · 
3 heterodyning said '' readback slgnal with a first 
4 oscillator frequency and a second oscillator frequency; 
5 . f il terlng said heterodyned readback signal to develop 
6 said first and second thermal signal frequency cbmponents. 

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

' ' 

3 comparing said first · and ' second ·thermal signal 
4 frequency components with first and second predetermined 
5 threshold values to qenerate said first and second outputs. 

1 31. A method as recited in claim 29 or 30; wherein said 
2 gener~tinq step further comprises the steps of: . ' 
3 amplifying said r'eadback signal; 
4 

• '" ••" • > • .... -- ... • '••" ~·•A. -~· ·-· •••• •• _ .... oOO ( 

·.:"! ; •· ·.: :,_~ _··=.~ ~ ··~ ~:~ ~i; :~< ~~~ ~:~: ! ! ; ~· 1 
compensating said amplified siqnal; and 
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5 recovering said readback signal from said compensated 

6 signal prior to said heterodyni~g step. 

1 32. A method as recited in claim 31, wherein an ann 

2 electronic modu.le is used for said amplifying. 

1 33. A method as recited in claim 31 or 32, wherein an 

2 inverse IIR filter is used for said compensating. 

1 34. A method as recited in one of claims 31 to 33, 

, 2 wherein a moving average low-pass FIR filter is used for said 

3 recovering. 

1 35. A method as recited in one of claims 23 to 34, 

2 wherein said moving step further comprises the steps of: 

,~3 estimating the radial velocity of said MR bead; 

' ·S 

6 

head; 

-
determining a desired radial velocity of said MR 

.• ·1 

determining the difference between said estimated 

7 velocity and said desired velocity; and 

8 moving the MR head in response to said difference. 
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36. A method as recite~ in claim 35, wherein said 

estimating step comprises: 
m.easurinq the time difference between radial markers of 

said disk; and 
dividing the time difference into the track pitch of said 

disk. 

37. A method as recited. in cl~~m 35 or 36~ wherein said 
' . 

estimating step further comprises the step of: 

adjusting said estimated radial velocity for track runout. 

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 between 

a current track and a desired track. 
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1 39 ~ A method as ·recited in one of c::lairn 35 to 38, further 
2 comprising the step of amPlifying .•said difference prior to 

3 moving said MR head. 
: . ~-.:. 

1 40. A methbd of calibrating· a ·mag-netoresistive (MR) head 
2 of a storaqe system havinq at least one disk and at least one 

3 MR head,. the method comprising the steps-of: 
4 prov:i.d.inq said disk with a calibration zone having 
5 surface profile variations; 
6 moving an MR head to said Calibration zone; 

7 indu6ing thermal signals- in: said MR head with said 
8 surface profile variations; and 
9 measuring MR head and disk characteristics using said 

10 the~l -signals. 
. . ·. '. ,· 

41. A method as recited iri :claim 40, wherein said surface 
2 ·profile ·variat.ions include a firf:st· freqliency pattern and a 

3 second frequency pattern, said calibration method further 
4 comprisin~ thel° ··steps- of: 
s inducin9 · the~l frequency- .. signals in said MR head 

6 - with said first ahd second frequency patterns; 
7 determining MR bead thermal thresholds using said 
B thermal_, frequency signals. -

1 42. A method as recited in claim 41~ further cornprisinq 
2 the step of storing said thermal thresholds in a random access 

3 memory. 

1 43. A method as recited in one of claims 40 to 42, 
2 wherein: said measuring step ineasurinc;t MR head axial. offset and 
3 disk eccentricity. 

1 44 • A method as recited in one of claims 4 O to 4 3, 

2 wherein said measuring step colitprises the step of averaging 

3 absolute measurements of disk eccentricity over one revolution 
4 of said disk . 
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1 45. A method as recited in one of claims 40 to 44, which 

2 further comprises the steps of: 

3 repeating the steps recited in claim 40 for each MR 

4 head 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 4 6 • A method as recited in claim 4 5, wherein said 

2 reference MR head comprises said MR head with the largest MR 

3 head axial offset. 
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