11 January 2005 -1- TRACK PITCH CORRECTION METHOD AND APPARATUS Related
Applications 5 This application claims priority of United States provisional applrcatréﬂr daniaanshBer
60/227,621 filed 23 August 2000 and of United States provisional application Serial Number
60/254,939 filed 12 December 2000. This application is also related to co-pending, commonly-
assigned United States utility patent applications as follows: Serial Number 09/242,574 filed 3
February 1999; Serial Number 09/474,277 filed 29 Dé&eember 1999; Serial Number 09/489,532 filed
21 January 2000; Serral Number 09/697 002 frled 26 October 2000 Serral Number 09/774,134 filed
30 January 2001; arerpH d 4o SEE00GONYWAEEAAIZ HANHO O enlda
Field of the Invention 15 Thls applrcatron relates generally to correctlng a statlc track pitch distribution
and more particularly to improving a data handlrng devrce by measuring and correcting track pitch.
?0 Background of the Invention Disc drivesilatednppixatsens| in workstations, personal computers,
laptops and other data handling systems to store Iarge amounts of data in a form that can be made
selectively, readily available. In general, a disc drive comprises a magnetic disc that is rotated by a
spinlle 25 motéFhiBrveJBlirwai;el@la;}mscpsioi‘i;tylivfdéditntb%amrmdﬁbm ikt iDheSefitd Nagkbeare

spaced r, ther an inner diameter.and an.outer _diameter.
Each of t /l%y flg%é eg %}%23% usgtenera V cn?1 %{ %%éﬁypé%dﬂafiﬂqeaa?éb%{h%ﬂ 3§ BY3EL in the
form of ra@gzﬁermeeﬂismomwermbéheowrarrmsteppmmraals@memﬁ&i &Ccsipdaghg] ¥piaalyngach

data track is in mber af .data sectors that store d sized .30 data blocks. 11 January 2005
o o TRE  E L E SBBLRG A0 G SETEt APl 2418 AR tho

magnetiGétanaiionsn S@ﬁdldﬂ{ﬁnpéﬁg‘ﬂ@}’uﬁ,aw dedleoiret 2iBaal 999! SAUAG Ember 09/489,532
10 filed 21 January 2000; Serial Number 09/697,002 filed 26 October 2000; Serial Number
09/774,134 filed 30 January 2001; and (practitioner docket STL9950 by Gabor Szita, filed on

even date herewith).

Field of the I .
15
This application relates generally to correcting a static track pitch distribution and
more particularly to improving a data handling device by measuring and correcting track
pitch.
20 Background of the Invention

Disc drives are commosly used in workstations, personal computers, laptops and other
data handling systems to store large amounts of data in a form that can be made selectively,
readily available. In general, a disc drive comprises a magnetic disc that is rotated by a spindle

25  motor. The surface of the disc is divided into a series of data tracks. The data tracks are
spaced radially from one another across a band having an inner diameter and an outer
diameter. Each of the data tracks extends generally circumferentially around the disc and can
store data in the form of magnetic transitions within the radial extent of the track on the disc

surface. Typically, each data track is include a number of data sectors that store fixed sized

30 data blocks.



magnetic transition on the disc surface, to write data. As known in the art, the magnetic transducer (or
head) is mounted to a rotary actuator 5 arm and is selectively positioned by the ackliat3PadRY 63810
preselected data track of the disc to either read data from or write data to the preselected data track,
as the disc rotates below the transducer. The head structure includes a slider having an air bearing
surface that causes the transducer to fly above the data tracks of the disc surface due to air currents
caused by rotation of the disc. An important aspect €-conventional disc drive design concerns
position controrl1§f the, head, A position control system is used to accurately position a head over a

data track durirfd H2IRS ‘bdﬁﬁ?f’v\‘z?ﬁ%r%lé’f% Aenfysucittt enshs Himmedueerichabivrseditdirom a
particulageiateh askgibRdianadtiens Barsd ehsrebshanithRe renigiedNeh P g cenigeling of the

magnetic transitions of the data track where the data are to be written or from where the data 15 are
to be redBAGRISHANHEOR 81t the diss rbrew e tierditions representing data. If the head is

off-center, the %@Hd@%qﬁ@ﬁggﬁ? {enf gﬁﬁ%?&d%p%raffg?pﬁqﬁ%m%Q@aﬁ%&%ﬁ%%?u%%o? r

from an adjacent track, and thereby corrupt the data. A close servo system is y used to
conftol taempesdisrseleetivelrtnasisianed. binthelastvatosenn systerpreetvaqbditiorractonhetiodiss

recorded pihe: i sHHRRS Iegllafd 2oRstpdicaluead by e nead I use In,colipliog the
position of the actuator arm. Such a servo arrangement Is referied 1o as an empeddad send system.
In modethalissnadivesrarthitdeadssrutilizie naludmbelidachaeing aystebeaemg saifirdwhak iawlsgded

into a number of ;servo sgctors generally equally spaced around the circumference of the data track.
Each sel#\}/lg %ae%st%?(igrfﬂortﬁgr%ﬁl‘%e%ﬁrgf‘o%;at%ézgfooggfg ﬁgfﬂs fch CBRISIAY ﬁﬁﬁ’i‘?ﬁ&ii?ﬂ\‘?ﬁ‘? B3sitioning

the 25 hesstion dfahsdistiack and a user data field where user information is read or written.

Typjcally, user information is read and written to Fﬁlh dgﬁ tra%lé_in fixed size packets called .data
sedtors. Data sECSPRRRHS HRAt SARYERFRRM FSC SRR rsignratcren Besigasontsekdithrey

may be helidenApiinidatadiney iy adneRRRESHSAdhatRISPYEsE P heRlise dalA ARKRbRIyeen

two data fields, as is well known. 30 Typically each servo sector is radially aligned with corresponding
servo seddr$ead h‘é‘i’gﬂbﬁ?i RedatoRa cREhenryandetacre pithermrisian ieing reasoite e paerianbections

that are &8RRI ¥ieddansducer gap of the head should be centered over the centerline of the

magnetic transitions of the data track where the data are to be written or from where the data

15  are to be read, to assure accurate transduction of the transitions representing data. If the head
is off-center, the head may transduce (i.e. either read or write, as the case may be) transitions to
or from an adjacent track, and thereby corrupt the data.

A closed loop servo system is typically used to control the position of the actuator arm.

In a known servo system, servo position information is recorded on the disc surface itself, and

20  periodically read by the head for use in controlling the position of the actuator arm. Such a

| servo arrangement is referred to as an embedded servo system. In modern disc drive
architectures utilizing an embedded servo system, each data track is divided into a number of
servo sectors generally equally spaced around the circumference of the data track. Each servo
sector is further divided into a servo data field which contains information for positioning the

25  head on the user track and a user data field where user information is read or written.
Typically, user information is read and written to the data track in fixed size packets called
.data sectors. Data sectors may be written entirely within a single user data field on a user
track or they may be written to the data track in a manner such that a servo sector splits the
data sector between two data fields, as is well known.

30 Typically each servo sector is radially aligned with corresponding servo sectors of

neighboring data tracks to form a set of radially extending, spoke-like servo sections that are



equally spaced from one another around the circumference of the disc surface. The equal spacin
between servo sectors provides a fixed frequency of servo occurrences regardlessléf‘iﬁl@u?éﬁiapo
position of the head. However, when data are recorded in a zone bit arrangement, the number of
data sectors within one rotation of a disc varies from zone-to-zone, thus causing the 5 precise
locations of servo sectors of the spoke-like sections, relative to the data fields of the data sectors, to
vary from zone-to-zone and within a zone. A zone biarrangement is a known technique to maximize

the storage acity of.a disc. In agcordance,with the fundamental geometry of a cjrcle, the
circumfe?%%%:iz}s % f'ry‘?é) from ong: olﬁb‘?e%@élﬁ‘lié ifé’iﬁ}ﬁﬂ?ﬁSWziFu"ﬁé‘% ’c&%’iﬁﬁ‘?@té‘?hﬁ?ﬂ%“bisc. Thus,
each suspeddinbetaintsapkoBedtorsastialides ivixed dieaatnty BaseRe eRateatialdala Rtade the
capacity than the, preceding data tracks. A zone bit recording scheme takes advantage of the
increasiﬁ@ﬁér}ré’ﬁﬁﬁrt’é’r%ﬁé s‘ﬁ?éft‘ JFlemaReEeBh R AthPEe Z6Ferdodrifba ARG ik arsangasmest ikedisc is
divided iaméebpazme&o%magpsx@atsa@lﬁ;pspaf&s@v@fﬁ@tﬂsﬂgmn@regéaﬁépme&ﬁs%%}ﬂéiOn

frequency is increased from zone-to-zone, in the radially outward direction. 15 Accordingly, the
number Bresialeertions ipf sarreeerinefahespokeikeseetinnsdrlativette thaditi fildavef ehdirection.
In an en&@gg&g&gry& ?anFQ&He§%[¥8JéeJH&W.?iHSa mr)etic transitions, called servo bursts,
that are arranged relative to a track centerline such that signals derived from the transitions can be
used to determih@rabipagitigentant éxa ke hiecherqosnfomaativize dre 26ocaga prisecivywfaparate
bursts o etic_fransitions,.one. recarded on one side of the track centerline and the other
recorde(g1 %ﬁ?& %%é%%%%ﬁet%&ﬁﬁ?gc grelﬁatléﬁﬁren.e\tﬁﬁgn%\%rrcg 'fhead s OVer 5 SEY g ??’eei(g,aﬁ%e
head reatslkautrchshensediccbuiost st dibsigratdiesieiing frbendite Tansgesionueidhtitidata are
tra[ﬁmitE?chanewa a C[niﬁrogroces %n within tEe disc drive farp ocessing. 25 When the head is
properly positioned SVt & tPacR Yshidifiieoth 3 SAQF G APET AR RatA St qt HARASTK TRk ENEtrength of

the compieeetingriis tankslugeddnierbitiedordsi Osthatasitkeo hdhthtigelot enieningaviiequal the
strength of the combined signals éggnsduced from the byrst on the other side of the track centerline.

The micFHSHIBLRIEHFEAIPER AE&H '

EERMET ol BERGE PAITEREN & hsmerfacscof theediss tsvo sector
is read biithRdard VRSt Rmeeslida 26He hemi BICIIRIQEERRAN MILHNAWARAL tRgueisignals are

equal, indicating that the head is properly positioned. )
transition frequency is increased from zone-to-zone, in the radially outward direction.

15 Accordingly, the number of data sectors in each track increases, from zone-to-zone, in the
radially outward direction.

In an embedded servo system, each servo field contains magnetic transitions, called
servo bursts, that are arranged relative to a track centerline such that signals derived from the
transitions can be used to determine bead position. For example, the servo information can

20  comprise two separate bursts of magnetic transitions, one recorded on one side of the track
centerline and the other recorded on the opposite side of the track centerline. Whenever a
head is over a servo field, the head reads each of the servo bursts and the signals resulting from
the transduction of the bursts are transmitted to, e.g., a microprocessor within the disc drive
for processing.

25 When the head is properly positioned over a track centerline, the head will straddle the
two bursts, and the strength of the combined signals transduced from the burst on one side of
the track centerline will equal the strength of the combined signals transduced from the burst
on the other side of the track centerline. The microprocessor can be used to subtract one burst
value from the other each time a servo sector is read by the head. When the result is zero, the

30  microprocessor will know that the two signals are equal, indicating that the head is properly

positioned.



11 January 2005 -4- Servo bursts are typically written to the discs during the manufacture of a disc
drive using a highly precise servo track writer, which utilizes the heads of the disc di AR Q9o
servo bursts. As the servo bursts are used to define the tracks, it is important to precisely control the
position of the heads as the servo patterns are written to the disc surfaces. Thus, a 5 typical servo
track writer comprises a positioning system which advances the position of the heads, a laser based
position detector which detects the position of the hed¢ls and control circuitry which provides the
servo informatign to IE%Written to the, servq fields on the discs. Servo bursts may also be written to

the disc with wiEFYQ IBY5HHALE fé’af%@p%{&éiﬁﬁ'gtos@&éimiéﬁ&% dempagans eke discwdatisg, the
radial pqﬁtwﬁiﬁgwpﬁ&ﬁaﬁddqxgekvwrﬁaqwimﬁ@ﬁ;%%é%gﬁévmﬁ@&&myES%%BWG
S

readback amplitude of servo bursts that were written during a previous step of the servo writing

process SANOLWiErs /s the reauel byssrions dsadhip sefirs whaitrgckepis as impdistortiongreisslirom a
desired eiaHal HRAGCSRAAEARLLES 18GR8RSH HARRS: tediakal Rl or spacingof the
tracks on the disc (iis%essent?a}l to facilitate religlble ggeggcg)r%?g‘l‘?kg{&%gc{:g ((}r%(;a %ﬁﬁ(re%%eers\'/o Péléka
writihg 157 Reetisirives eagki meriteh comgeisesibedsitiove psysicin whherdtnkighltepreiciof afcheacy in
radial tr paging, inaceuracies or errors in frack spacing may. still ur as,the result of.the servo
writing pgglé%%s?%%e%%%éﬁ bl these ?&féﬁﬁ%éc%h%%%%%egg:ﬁﬁgﬁ ?\?\}%‘%}iﬁgﬁ%iﬁ?ﬁ% yﬁ%’?ﬁ'@lor AC
inaccuragiesiandwlith prdydéndoeseamdaidymaiictorbaGritaes uoadie seydidosathadisagesult of
non-repeatablesr%;lgi%% motion betwgeen the disc 1%‘nd the head during the servo 10 writing process,

which produces fioh-QitEuTar fRAAC RS pEE SR RAISE R P SEROBR Bss RECBPECHR By pically

occur asséheoresiling |dw st guepsyathlgiiverawitinbeihecadileBisoasgihbtisad duwing thevisack
writing proctiséi rl?hnd/or various inacc a{acies of the track wrifing equipment. Whereas the effects of

DC BrrofSR FIAGUROR A iAo R RS Fes gé@’r%\ﬁ aaphrgdasd srrve, ki figher
track depipiierepd v iia @ishi2b G RIASEIBGO BT’ hd 3R SATINGpsiRBIicatud eI /S iR NEeHead

therefore, for an improved approach to correcting static track pitch in_high performance data handling
systemsPosiEed SuEing y5E0 WiAtngpPeaet disertionsiavardeosa aglgsired circular track shape.

As will be recognized, proper radial alignment and or spacing of the tracks on the disc
is essential to facilitate reliable operation of the disc drive. While servo track writing
15  techniques such as those described above provide a generally high degree of accuracy in radial
track spacing, inaccuracies or errors in track spacing may still occur as the result of the servo
writing process. In general, these track inaccuracies occur in two principle forms: dynamic or
AC inaccuracies and static or DC inaccuracies. Dynamic or AC inaccuracies typically occur as
a result of non-repeatable relative motion between the disc and the head during the servo
20  writing process, which produces non-circular track shapes on the disc. In contrast, static or
DC inaccuracies typically occur as the result of low frequency relative motion between the
disc and the head during the track writing process and/or various inaccuracies of the track
writing equipment. Whereas the effects of DC errors has in the past had minimal impact upon
the operation of the servo disc drive, as higher track densities are achieved, such errors become
25  increasingly significant.
There is a need, therefore, for an improved approach to correcting static track pitch in
high performance data handling systems. It is to such a need that the present invention is

directed.

30



11 January 2005 -5 Summary of the Invention The present invention comprises a method for
correcting track pitch in a data handling system and an apparatus improved by that Ity ys290one
embodiment, many parallel tracks on a storage surface of a data handling device are arranged in a
circular direction. Each track has a track center defined by servo sectors written during the servo
track writing process. Each successive pair of track centers has a succession of radial track spacing
measured at each servo sector. The average of the €iiccession of radial offsets between a pair of
tracks is referred to as static (or DC) track spacrng Due to 10 static track spacing errors, the static
track spacing between different pairs of traeksidRaiyoe HU19Mtic spacing of the different pairs
of tracks has a statistical distribution. The smaller the variance of the distribution, the more even the
track spacing. In the preferred embodiment described here a series of correction factors are used to
modify the posifiba Bfeseat heeentisiatipsprises nomthaiitfarkareenting deftharitol the serydawdiing
process As.a.r I foIIow |f|e corrected) track center. The variance of static
track spaﬁ??lg gg%v%ensﬁl%%gfﬁgfzx ? ‘t?a cen(%ersqwr e significantly reduced when compared to the
varidnce of tradk specintboflihvermiginaltpackllebntedss &ddlttomge‘eatfwc&soéladimrm‘ﬂ&lmgl dademe

apparent upon a re iew of the fo Lowrn the co ondjn tailed description. ?0
Brief Desrcerﬁ‘otlr'f:‘)rrlrgofylr{1 ASHENIAG S ETG TR Shﬁgﬁ\?é gf?@&ng ISR W%?é#%&(aﬁage VLT Aive upon
which theiresediringehtcerisoimpkmeitiag p2ockig. Rashoueaswewaf afiestrdfasiatg surface of
the disc drive. .Fig. 3 shows a highly, magnrfred iew of a portion of Fig. 2. Fig. 4 shows a plot of an
ampIifiea?fégﬁsb%%l?eﬁargdf;gtVégﬁgaFa%dpﬁﬁ%ﬁ a‘ﬁﬁclsseﬁrﬂas?t% aTgﬁ(?rVSFf‘gFaf&ﬁ(tbSﬁ‘é‘iﬁ%ﬂ%ethod
with a mmmgfotﬁeersmetrw?am BREIGs ReRhanisaRQYaiIRN Did)rRltematys metheds of

the present invention, each involving two passes across each disc surface.
static track spacing errors, the static track spacing between different pairs of tracks are not

equal. The static spacing of the different pairs of tracks has a statistical distribution. The

smaller the variance of the distribution, the more even the track spacing. In the preferred

embodiment described here a series of correction factors are used to modify the position of the

head relative to the nominal track centers defined by the servo writing process. As a result, the
15  head follows a modified (or corrected) track center. The variance of static track spacing

between the corrected track centers will be significantly reduced when compared to the

variance of track spacing of the original track centers.

Additional features and benefits will become apparent upon a review of the following

drawings and the corresponding detailed description.

Brief Descrintion of the Drawi

Fig. 1 shows an exploded view of an example of a disc drive upon which the present
invention is implemented.
25 Fig. 2 shows a view of a portion of a data surface of the disc drive.
Fig. 3 shows a highly magnified view of a portion of Fig. 2.
Fig. 4 shows a plot of an amplified readback voltage versus radial position.
Fig. 5 compares a prior art track correction method with a method of the present
invention. |
30 Fig. 6 shows an overview of two alternative methods of the present invention, each

involving two passes across each disc surface.



11 January 2005 -6- Fig. 7 shows a region of Fig. 2, modified by the inclusion of offset values that
effectively create shifted transitions for a normalized distribution of inter-track offset va@4argig0@s
shows a histogram plot of the offset values non-adjusted values of Fig. 2, plotting frequency of
occurrence against offset distance. 5 Fig. 9 shows a probability distribution of offset values having a
mean and variance as computed from the data plotted in Fig. 8. Fig. 10 shows a probability
distribution in which values are shifted by methods ebthe prior art, as depicted in the upper part of
Fig. 5. Fig. 11 ?ows probability disérib,ution in which values are shifted by a method of the 10

present inventidi8ad NG AdsE Wb bigmd-gardsked brstheijclusigmofoféist salisssbie states
1202, 12025085 2R3 Qs aiFRgi R Alia Sl ot R iRfImRad W AD ik 5 P s Nd Re fpipiltiepacearding to an

embodiment of the present invention. Fig. 13 shows a flowchart of a method of the present invention

for normalizingﬁ\&- Qrél&‘ﬁt%ll?iéﬁ&@@&t Efoﬁt@Qf@ﬁﬂpﬁhiﬁgIihé‘?é@éﬁqctﬁdltﬁs@i@f’&-l% Fig. 14
shows aP?SfMﬁéjﬂ%ki'l?é}x SQQmﬁggg&%?Hgmﬁep&i%ﬁeMth the present invention. Fig. 15 shows

four successive states 1501,1502,1503,1504 of a region of a data storage medium as it is being
selfiwritten accBigirfyshoanctipeeksbibupidisnibutitre grofferttvalrenliering mniarshodvsaziflowechart of a

method [ ion tor ngrmajizing track 20 pitch. Detailed Description Turning now to
the draw‘?éé@%? Z%E%EH gl%l %) ?)g&eﬁ S %J%:?'s an exploded view of 25 an example of a disc drive
110 in which thEigreilesitamsenpicobibpaytidistaibntisafid. wineldistudrice diiftéddydasthatikalf 14 to
which all other com%onenta are,directly or inditr\%ptly ounted and a top cover 112 which, together
with the %relgﬂfifsfoﬁ%lgtg |rslct}%fri1\} Bﬁgfﬁé’ ek encloses delicate internal components and

isolates these dtigipbheiis/froprebibilie} diartbaioaniswiichhaldisa e MaHaDbnclwas sdrbirakty of
discs 120 which are mounteg for rotation on a spindle rpotor gnot shown). The discs 120 include on
the‘i‘fsurf’a{&‘-félﬁlﬁi‘{ﬁ%ﬂiﬂ}‘o% d 1n the bottom part ot Fig. 5.

Fig. 12 shows four successive states 1202,1204,1206,1208 of a region of a data storage
medium as it is being self-written according to an embodiment of the preseﬁt invention.

Fig. 13 shows a flowchart of a method of the present invention for normalizing the
track pitch of the data surface comprising the region 260 of Fig. 2.

15 Fig. 14 shows a servo position decoding scheme suitable for use with the present

invention.

Fig. 15 shows four successive states 1501,1502,1503,1504 of a region of a data storage
medium as it is being self-written according to another embodiment of the present invention.

Fig. 16 shows a flowchart of a method of the present invention for normalizing track

20  pitch.

Detailed Descrioi

Turning now to the drawings and specifically to Fig. 1, shown is an exploded view of
25 an example of a disc drive 110 in which the present invention is particularly useful. The disc
drive 110 includes a deck 111 to which all other components are directly or indirectly
mounted and a top cover 112 which, together with the deck 111, forms a disc drive housing
which encloses delicate internal components and isolates these components from external
contaminants.
30 The disc drive 110 includes a plurality of discs 120 which are mounted for rotation on

a spindle motor (not shown). The discs 120 include on their surfaces a plurality of circular,



11 January 2005 -7- concentric data tracks 121 on which data are recorded via an array of vertically
aligned slider assemblies (one of which is shown at 150). Position reference data, JMheRENHESS
each slider move to and remain over a target data track, is provided in radial servo wedges 125
distributed around each surface of each disc 120. Each slider 150 is supported by a respective load
beam 5 132 attached to arm portions of actuator 130. The actuator 130 is mounted to a bearing

. assembly 140 which includes a stationary pivot shaff7441 about which the actuator 130 rotates.
Power to drive the ctuat%li‘%SO about the pivot shaft 141 is provided by a voice coil motor (VCM).

The VCIPBSHUES W3 Wart 32 Lupfck ek fasp A erpEHedr arariasoof iterrcaly Aligmedsdidiend of a

permanasiemblise{crssfhIRAY kb SRASETS 0P PR GAEH PaRIMAINRLS ARilB4nlPEBaANgIg434 are
mounted to spaced pole pieces 135 which are fixed to the deck 111 and are further spaced from one

another B ¥h R and remam aies ditessaiAai? isasiovirievided isradial srowtwerdges (25 Eistobeteivn)
mounted (8¢ AeHS eSS NGk 126: %%Wakdﬁlgg?d%}?,u%%é%gg)% rect‘%aériﬁgdlbr?éwn‘%e” the

PCB and the moving actuator 130 via a flexible printed circuit , Whic A1SO Hransmits
datd sighdkatsasheritorarmaesisinarbatsateid.32.sHdwscuaew Bt portiontab toof bedrita; surface of

a disc 120Q. i \": in direction 224 as sho djacent to.slider 150. Slider, 150 has a
read ele%rr%éar;ll;tngﬁp gan%pg%v%r}t%a%r%grﬁ Vs ar%%ﬂﬁto%sa\gt, wi rilgr%létd“é é%%etnf Q%T%rpfﬁli}ot‘ﬁéefead
element is closBowerthe driverthiéearmtenofl fleabing. dregivaltatnitivél dnpesiehbihe verdenls closer
to the 20 inner 4i ter.of isk. The rotary actyator 130 supports sljder, 150 near its.innermost
position,ms%p?ﬁég/ gisolﬁéw%gﬁ;?e& oorfsgtfseo\;?ﬁg&ﬁeéys i i‘é s '&Pﬂoﬁg thaacurierdt? BNt
252 are tertespenitiighd adkeyetiomeneinggrtpengitiiahioitepied appacksdlidwie Mggweden. A

circylar portiqn, 300 of one wedge 125 is highlighted for further magnification, Fig. 3 shows a highly
mignifie?d? wﬁﬁ&%’tﬂ&&g‘f Y5 AraEg 5 P’E’Q.C@;. iRgcesd 13 ?ﬁegﬁﬁf‘ﬂg%lﬁl}éﬁﬁlﬁé&ﬁn
informatiad i ShaeieiprRe ZRiRbIRIIN3IR b PRERITSR BLREISH K IPUIRI-RA RIS aeA R, fine
positioning comprises bursts A, B, C and D (371,372,373,374, crosshatched areas). Slider 150 is
held at PESR e boasddRGB et she mopkskiosthe sadessideatitbrdecktidds, Ganerols

shown af fauls SHCESeS R RRSIHONE AfteddR i it P RMRIChBRARS SeR1£SPPRYIPR 381, for

example, read element 251 is
flexible printed circuit cable (FCC) 138, which also transmits data signals to and from the

15  sliders 150.
Fig. 2 shows a view of a portion 260 of a data surface of a disc 120. The portion moves
(in direction 224 as shown) adjacent to slider 150. Slider 150 has a read element 251 and a
write element 252 radially offset, with read element 251. Typically the read element is closer
to the outer diameter of the disc. In an alternative embodiment the reader is closer to the
20  inner diameter of the disk. The rotary actuator 130 supports slider 150 near its innermost
position, so that a skew angle 226 of a few degrees is seen. Read element 251 and write
element 252 are correspondingly askew from being perpendicular to the circular tracks 121 to
be written. A circular portion 300 of one wedge 125 is highlighted for further magnification.
Fig. 3 shows a highly magnified view of the circular portion 300 of Fig. 2. Timing,
25  calibration, and track identification information is shown in trapezoidal field 390. A
conventional quadrature burst arrangement for fine positioning comprises bursts A, B, C and
D (371,372,373,374, crosshatched areas). Slider 1.50 is held at a stable radial position as the
wedge 125 passes under the read element 251, which is shown at four successive positions
381,382,383,384 through which it passes. At position 381, for example, read element 251 is
30  almost entirely within burst 371. A short time later, read element 251 will be at position 382,

overlapping the rightmost edge of burst 372. At each of the positions 381,382,383,384, read



30 almost entirely within burst 371. A short time later, read element 251 will be at position 382,
overlapping the rightmost edge of burst 372. At each of the positions 381,382,383 584apuiary 2005
January 2005 -8- element 251 generates a signal having a strength that is roughly proportional to the
amount of overlap with the respective burst at that position. Note that a left edge of first burst 371 is
substantially aligned along track center 321, offset from a right edge of second burst 372 by only a
very narrow erase band. Operating 5 conventionally;8 center point 335 of read element 251 would
maintain alignment along such a track center. As shown, however, read element 251 overlaps two
successIEMAKI2od aneratenasmnat ipvingrosesagpiother inravgbivieuapedismt woilgeromaghinst
radial pqggggﬁlg,:mﬁﬁpLQM‘)@M@S%&R;{%QQB@% voltage is shown, corresponding to a signal
received from'a 10 read element 251 that is not over the bursts 371,372,373,374. A maximum value
449 of readbacRiotstthps ilefvdgeofrBsdnus 374 sigubitracailpdlighed demg elsrkhesn 2331y

overlaps the bursts 371.372.373,374. high values 451,453 (i.e.,near 449) will be seen
from posolgfggts?%%ﬁf 3&&%%%%%?0?/%\/ S{/eg u%:a;%fgiféggs\%"oﬁ%v%i‘s’% YLV fiBhT ﬁggﬁfoﬁspgéﬁl%d 384.
TheSpositmvaiticadibad retetivpomthisSat/reilicmean2sd estithin iimeliguiiag: idhe sudgnitude

of the signa] generated by the bursts as the d travels throygh the pattern, A servo burst decoding
KRR iy By B TEUEETH L2 YA O S TR GARSTe farly

scheme is'shown in
linear. Ir321hE22ases appropriate linearization functions may be used, several of which are known in

the art. For easg, of erstanding it will be assumed that the position decoding scheme used has
the following p?é’ﬁer%gg.o’?’é i) é’g%’%ifi@ﬁwﬁﬁ%ﬁ Aalags 48Pt rheh reetiendMovks

from onexisiekRRALIYE JT9RIEBLLIAAKI FRRIRISRESHITRSIFAISIARES PEMMEPRIBR tARIGHS equal

to the nominal track spacing. 2. The position measurements obtained from a particular burst pair is

notShlugsrckelemprs @ Ltk irtrinyanthadipeendthdkedflsl’ s A mudmomintdunstdofrom a
particulaieRuiata16RR RRAARILSHAGSIR R, LR JA06e PHIRSERNRLALINSSPRd glement from

the track center is lessthen 0.5 +e,, /2 + e here etr is the largest track spacing etror after
servo tr&verlaps one of the bursts 371,372,373,374. Thus, high values 451,453 (i.e. near 449) will be

seen from positions 381 and 383. Low values 452,454 will likewise be seen from positions 382
and 384. The position of the head relative to the servo bursts can be estimated by measuring

15  the magnitude of the signal generated by the bursts as the head travels through the pattern. A

servo burst decoding scheme is shown in Fig. 14, for example, suitable for use where position
measurements are fairly linear. In other cases appropriate linearization functions may be used,
several of which are known in the art. For ease of understanding it will be assumed that the
position decoding scheme used has the following properties:

20 1. The position information value changes by 1 when the head moves from one track
center to the nearest track center assuming the distance between the tracks is equal
to the nominal track spacing,

2. The position measurements obtained from a particular burst pair is not influenced
by the bursts defining the adjacent track center.

25 3. Position information from a particular burst pair can be obtained accurately if the
distance of the center of the read element from the track center is less then

0.5+e, /2+ e, , where e, is the largest track spacing error after servo track
writing, and e, is the largest deviation of the head from its nominal position

during track following (i.e. the track following position error of the servo system).

30



writing, and ePES is the largest deviation of the head from its nominal position during track following
(i.e. the track following position error of the servo system). 30 11 January 2005 -9-3isksvaye2RBkd
however, that the method proposed in this invention can be accommodated to other position
decoding schemes that do not satisfy these assumptions. When the read head is positioned at the
border of two quadrants (for example as shown on Fig. 3) the head overlaps both the AB and CD
transition, and therefore, and therefore the 5 positiongf the head can be measured based on either
the AB burst pair or the CD burst pair. Let read head been positioned between track k and track k-1.

Note that one ofttpleoutd diesnmtpaceowayehe s atiqmsithod prdpfiseedibyhisdrtvansitinrdebaeen A and B
bursts, whj ack adjacent to,the head is defined hy the transitiqn between the C and D
bursts. Y%Qa%%n%%qr)t%g ar%o?#ﬁﬁ %sfit{gﬁgg St é%haﬁi%scteﬁf ?ré&%t %%ﬁﬁa‘%ﬁf%ﬁé%’é’rﬂﬁ%?é}s-lo track

spacing, then W& lpasiferread hsaddmsoisibaabak ehetbordersifttansifindslaeddiuriegaiaplegksk swd

track k-1 ar%ieqsfl However, i{ the distapce hetw two adjacent tracks are not equal to the
She e AR AR fas

nominal SAcKEsp P& ﬁ%sghf’& LIS ARt issckaseannd Erstsints Hisirs are

not Squapodiciss dfelbiltiesdnaa betwesnriabtioallinndnrastie MBHdaSe 6 the &B BRAGRIPUrSt
pairs can be usgd to %fgve the track spacing errors between the adjacent 15 tracks as follows: Sk,1
= xk,1 - Xk-1,1 HEF frandeady W@%F‘é%ﬂﬁ&*og%ﬂﬁﬁaémfééé gad kAo ér Nessahaeanecohithe ubscript

denotes geeke . @or!ES BRI Ishidrdeatiinad B alcHIIRIHIBLRASIICR- g BIRNAES g

measured position based on the burst pair that defines track k at sector 1, xk_1,1 denotes the

measurdd€SEBridiraskasipernirie ﬁﬁiﬁp@_ﬂs ieftrsdibie she seanition kesateen then@ sid D dmases the
track spacing ggrgr 4%5%%?3&?%@%&%5 ARl @%gé&q}fc%éf%r%%%ﬁoﬁﬁﬁ S5 hat there

are N servo sector around the circumference of the disk, numbered fr e static or DC

patihf tticackerastgithpn e petiiosrmemouadiperatstbasedicnthn berstarivmstmms(Bylonging to
track & and track k-1 are equal. However, if the distance between two adjacent tracks are not
equal to the nominal track spacing then the position measurements obtained from the AB and
CD burst pairs are not equal. Thus, the difference between the position measurement based on
the AB and CD burst pairs can be used to derive the track spacing errors between the adjacent

15  tracks as follows:

Ser = Xy~ X1y (1)

In the sequel the first subscript denotes track numbers, and the second subscript denotes servo

20 sector numbers, i.e. it identifies the circumferential position. x,, denotes the measured
position based on the burst pair that defines track k at sector /, x,_,, denotes the measured
position based on the burst pair that defines track -1 at sector /, and s, , denotes the track

spacing error (or squeeze) between track & and track &-7 at sector /.
Let as assume that there are N servo sector around the circumference of the disk,
25 numbered from I...N. The static or DC part of the track spacing error between two adjacent

tracks can be derived as:

N
Zsk,z
= I=1

D
N

@



- 11 January 2005 -10- If the distance between track k and track k-1 is equal to the nominal track
spacing, then Dk = 0. However, if the tracks are closer than the nominal distance, thelRBiasyc2005
Similarly, if the static spacing of track k and track k-1 is larger than the nominal track pitch, then Dk
<0'" The dynamic or AC part of the track spacing error between two adjacent tracks at a particular 5
sector can be derived as: ak | = Sk, - Dk Note that the dynamic track spacing error is different at
each sector. For easier notation the 10 dynamic tracgigspacing values can be combined in a vector as
follows:oé’;?)) Ak =[ak,l,ak,2,...,ak,N] (4) Fig. 5 compares a prior art track spacing correction method with
a methol ¢hendistmpeebenvrdeneamidn FRuylonwBokshawsqhd tractheemterindkfinet bpaéngyahsarvo
marks 5Q4 whi an be cgnstructed as the burst transitions. 321,323 shown in Fig. 3. On this figure
HASEA Bl Smie

the head foves i1t 1ha GertCar GASEHRe MoRet Bap e ngmiaal ShstReeeihem direcdio Xnkkt the

marks S ate RapElorar:ARARH IS IO epleshnsg. B AL TMIE Y, Soe dgaree of

error due to inaccuracies of the servo track writing process. Region 510 shows 20 the same track

501, the Hastpnaiinesod WGnaikiof e pidgi Epd&@kﬁ@ﬂ%@ﬂd%ﬁ@i&ﬁﬂ&%cﬁﬁ%’??ﬁ@@ﬂUSted
trac§< centers. Th ad'usteﬁ%track centers are obtained by adding a correction factor 513 to the
measur8 S POSIHSHY fiettiods for which are known in the art. These adjustments effectively
remove the dynamic track spacing errors. Typically, the correction factors are determined during or
after the servo track writing process, and they are 25 written back on the disks. In a typical
embodiment each servo sector has a dedicatedfieftisayheb the correction factors are stored. The
prior art track shape correction methods removed only the non-circularity of each track, i.e. it corrects
only the dynamic (or AC) track shape errors. However, this method did not correct the static (or DC)

track spRsgHkiole Hontifi VRIS SIFIZRER P WERRNAR) A6 Faftks sid naddiohts, track

spacing 517 and 518 may not be equal. 11 January 2005 -11-
ynamic trac spacing values can be combined in a vector as rollows:
76 g values can be combined foll

4, = [ak,l ’ak,Z’""ak,N] (4)

Fig. 5 compares a prior art track spacing correction method with a method of the
15 present invention. Region 500 shows the track centers defined by several servo marks 501
which can be constructed as the burst transitions 321,323 shown in Fig. 3. On this figure the
head moves in the vertical direction, thus the tracks are along the vertical direction. Note that
the marks 501 are not uniformly arranged in straight vertical lines, but are written in with
some degree of error due to inaccuracies of the servo track writing process. Region 510 shows
20  the same track 501, the dashed lines 514 marking the original track centers, and the solid lines
marking the adjusted track centers. The adjusted track centers are obtained by adding a
correction factor 513 to the measured head position, methods for which are known in the art.
These adjustments effectively remove the dynamic track spacing errors. Typically, the
correction factors are determined during or after the servo track writing process, and they are
25  written back on the disks. In a typical embodiment each servo sector has a dedicated field
where the correction factors are stored.
The prior art track shape correction methods removed only the non-circularity of each
track, i.e. it corrects only the dynamic (or AC) track shape errors. However, this method did
not correct the static (or DC) track spacing errors, i.e. the average distance between two

30  adjacent tracks 517, 518. Thus, track spacing 517 and 518 may not be equal.



Region 520 shows the same marks 501, but uses a different set of correction factors 523 to insure
equal spacing between successive track centers. As a result, the track spacing 52} hdangag/ 4805
about equal, i.e. the track spacing is substantially uniform. Fig. 6 shows an overview of two
alternative methods of the present invention, each 5 involving two passes across each disc surface.
Region 600 shows several position reference marks 601 connected by dotted lines 603 signifying the
path along which the servo system attempts to pos#ldn the head. In the first method, in the first pass,
all of the offset values in eig‘%h path are offset radially by the same amount. The result is shown in

region 610. ThEELRIRA% N s ramedBatkpd FubRers paiklersvingtof sotrersiprafiiviosuids that
the averggmskrofief] QEMﬁ?%%@?ﬁh@e@@&gﬁgﬁ%@ﬂ?&q uql iffgé\m %%%%Jlgfﬁ%%% %27 and

non-circularity errors are reduced so as to obtain circular, uniformly dispersed paths as’shown in
region 6528 tieahsmceqnelHe detaghepecingissnbonantielyciiftarities are reduced in a first pass,

according to thg;prigr, HEH’Q%W ggg icted in Fig. 5. The result is shawn in region 620. In a second
pass, offsets t?etl eerﬁ successﬁj’vg tr§0 § f(j:tev?’l ear%ee{?g%xgz%ﬁlr%ﬁﬁ?j%g haized  GREYS eacﬁ
disadvamaglyiefthved pessenethos mchatitheutfaceoRegtnnaeudrdorsedevdl ipssibaadferawaling in a

substantjally different portian of the disc. Wjth, this roach, non-linearities in, head behavior (like
that sho}\./rviaélrll/{ns !glégq ﬁ?rlcgaet%ee%}r}?a Pfﬁeon?}é’i?%é ari %n§§§?§ %ergﬁﬁ%i#%ﬁﬁawifﬁ’%’ghﬁéﬁﬁ’ﬁaﬁé?eﬂg. 7
shows reqgemp266qidsigon, thwohdidd Ly iefinclusdclivdf Highalfiereeiodll ] taetofietGAIG64iFach
servo sect%r has a d%cated field where the correction_factors are stored, This effectively shifts the

CIRROEL sﬁ‘iéaéib Ynléybt a8 RO REN mg.rBﬁ‘/‘lt' Rdn 58 anebf-theghe

track cefte

spacingresattifiadplivich IeRtexetiAlg e cradked paanHhengistAReBeMERE henneRral arlpgirack
cc;ré\frs. 93{;%'%; Note that the correction values 7_6;&764 are substantially aligned with adjusted
tr

ce PR SUCrepAYHEAFK £EHE R Ve lizedn Tk A degnnd Raschon-viiodaritg R measasst tries
10 followgdieaelas 6556 Ll I uRITSHIS AR ULIIRGS fAOREIANYR 1% LgRg, nad follows the

corrected track center, and it is commonly reférred to as “read ZAP,"” whereZAP is an acronym for

"zero accqleraﬁ%ﬁfp&hﬁr Thethe&é thslpresariginreatiotharoietit tylproves et fradotfedival fies pas.to be
30 calch i R T o SHUBY TEf e SRR Pt WMk Tedh 80 b el Higned
(horizorsesind passonifyersithe trassin centessiF2 tridhsecthatriecoreeatied addrackmalized. One
15  disadvantage of this later method is that the AC correction is performed with the head
traveling in a substantially different portion of the disc. With this approach, non-linearities in
head behavior (like that shown in Fig. 4) cause small (non-circularity) errors to remain after
the second pass.
Fig. 7 shows region 260 of Fig. 2, modified by the inclusion of digital correction
20  factors 763,764. Each servo sector has a dedicated field where the correction factors are stored.
This effectively shifts the track center to equalize the spacing between track centers. By
"equalized" it is meant that the spacing modified track centers is more uniform than the
distance between the non-corrected track centers. of Fig. 2. Note that the correction values
763,764 are substantially aligned with adjusted track centers 721,723, so that the read head 251
25  can read the correction values 763,764 as it tries to follows the track center 721. ‘This insures
that during read operation the read head follows the corrected track center, and it is
commonly referred to as "read ZAP," where ZAP is an acronym for "zero acceleration path."
In the example of Fig. 7, another field is provided for offset values 768 to be aligned
with the read head 251 while the write head 252 is aligned with the track center 721. This is
30 called "write ZAP." As shown, slider 150 is in position for writing. Write head 150 is radially

aligned (horizontally as shown) with track center 721. Note that the correction of track



11 January 2005 -12- centers according to the present invention can apply to "read ZAP" fields, "write
ZAP" fields, or both. Fig. 8 shows a histogram plot of the non-corrected track spactig’898&¥ 2005
between various tracks of Fig. 2. Frequency of occurrence 802 is plotted against (increments of)
track 5 spacing 801. From this set of values, one can calculate a mean 806 (denoted as M) and a
variance V3 (calculated as standard deviation 807 squared). Fig. 9 shows a probability distribution
943 of track spacing values having the mean M andMariance V3 as computed from the data plotted
in Fig. 8. Normalized probabijlity 902 is, plotted against track spacing 901, substantially to scale. This
distributi SIS ASROTHEPE ARt RE PABKEEE IRVERIm £3rkarebnial 'a@@i@zi%h.ﬁpléb SHoiim4d\Bigfieldse the
dynamicggdpgpnent 941 and the static component 942 of the distribution. Both are depicted with a
mean M and a _normalized amplitude. The dynamic component 941 has a variance V1, a measure of
the dispersion BignfetbesasedHssgmomplos obdwmemasatecisditntkispecog 36328 berwees. The

i orf the actual tracﬁ( 15

static coppRRSREREe HEF; .%%’l%ﬂg@%%&?%&ﬁe 3 S)s%flggtee ésg%%g i((%

: ) t {Increments rac
widths (or average radial distances between pairs of trac ote t + V2'Wi equaﬁ i§
accérdiripacingSphr Hitonashdstbasorbvaliby/ dmmnchiv 2abmidedromend 8pe fdienited usdd) kid. 410 shows a

probabilgxrgiﬁgé?gggallc%gggf atsrasl aﬁlag%:wegti\%yggd}f %ag ‘g%:?% torage device with servo written track

centers correcte me S of the prior art, as depic egion 510 of Fig. 5. Normalized
probability 100Fig. Sictiesr agairstabiily shaeibaria094 26fsundiapiidhy talkealkatigothd/hisan M

unchanged, from the pon-adjusted distribution, of Fig. 8. The_ variance of the dynamic,compongent
1041 is grrlea‘fflflraéﬁﬁc{g%%S#f?ﬁuﬁ?#u%%é@diﬁ%ﬁll%ﬁﬁddn 48: Snkntm ,H‘T@bﬁbﬁg\%é’q}f%e
static copipeedagidAisckupaiant atn Lnthansrtlytormile. neaiadivsied st BdAakven

ough tfrﬁe varjiance of the dynamic component 1041 has been reduced significantly, and it is much

ler PIQHIAAR it astiNosmplisiibsionaAlse shavamde Bign soshadyaemistiomponsns stil
significagd parRNEWRdie cdpbaAY 942" 8P Akl dishiibstioBddia OaQiisrlva RS A adRB.siPLa0e

devices with servo written track centers corrected by a method of the present invention, as depicted
in regioRwsrbredgreplipda aliepramipiremproens Hadthes ayarioce 3ok spacisurd 0O the

substanfipi g sediemtten IR Oihe 0 it oM RaN Jidd 8 fRduesd. (. e Sarg.
static component 942 has a smaller variance V2, a measure of the dispersion of the actual track
15  widths (or average radial distances between pairs of tracks). Note that V1 + V2 will equal V3,
according to the parallel axis theorem, if V1 and V2 arise from independent causes.

Fig. 10 shows a probability distribution 1043 of track spacing values of a data storage
device with servo written track centers corrected by methods of the prior art, as depicted in
region 510 of Fig. 5. Normalized probability 1002 is plotted against track spacing 1001,

20  substantially to scale. Mean M is unchanged from the non-adjusted distribution of Fig. 8. The
variance of the dynamic component 1041 is greatly reduced from its non-adjusted distribution
941. Unfortunately, the variance of the static component 1042 is substantially unchanged
from its non-adjusted distribution 942. Even though the variance of the dynamic component
1041 has been reduced significantly, and it is much smaller than that of the static component
25 1042, the variance of the overall distribution 1043 is still significant as shown.

Fig. 11 shows a probability distribution 1143 of offset values of a data storage devices
with servo written track centers corrected by a method of the present invention, as depicted in
region 650 of Fig. 6. Normalized probability 1102 is plotted against track spacing 1101,
substantially to scale. The variance of the dynamic component 1141 is reduced to the same

30  degree as for the dynamic component of distribution 1043. Additiorially, the variance of the

static component 1142 is reduced to be within about 50% of that of the dynamic component



30 degree as for the dynamic component of distribution 1043. Additionally, the variance of the static
component 1142 is reduced to be within about 50% of that of the dynamic compontht 2DURY S
2005 -13- 1141. As a result, the total variance 1143 is much more effectively reduced than could
have been achieved solely by correction of the dynamic component 1141. Fig. 12 shows four
successive states 1202,1204,1206,1208 of a region of a data storage medium as the static and
dynamic track spacing errors are being corrected acddrding to an 5 embodiment of the present

and dynamic errors of tracks k 2 and track k-1 have already been

invention.. In state 1202, the stati
correcte ?%ug‘?r%&séﬁ: %ﬁfo‘?ﬁ&i%ﬁf‘é?@epa@dﬁm{ﬁi”fﬁ feemvalnaediced shraseylddenrave
nominal lspacieBidedllsoTeBek Kcbirberio R LRI RS  CRMERIREhY g diherefore, they include

significant dynamic error (not circular track shape) and the track spacing is also incorrect. In state

1204, many thé iEadeFhers feimysransie 1ates 42021204, 2061208 alcu regidmofaadtiasuomge
accordingdgigaiation &aﬁhamed}a%@repiapgwa&gmsﬁommg&%?%@%%%‘P&i@t% and applied
mina trac .

at each servo sector of track k to'modify the n track center 0 is Insures that the
statit tretsRbgshioneptndithearresaekirventienthbnrsretifid®abk stuitend 292 ahicakdesll trachial to

the noming| raskispacing ngiate 1208 ZAR casrectionsis applied at the modified track center
1222 to correct dyrilg:ircn%gt?;ac& %ﬁé%‘éegr%%?%% Scicgzr‘rcé{c %%P é?c%éarcskar@rgcﬁfé Y
correctidstrizgholsne220 theobgaire)and havetrafmorabapiamiat ik T23¢k ety restilisdmardiegular track

shape 1232. Fig, 13 wsa method 1300 of the.present invention for cotrecting static and 20
dynamiccﬂggﬁtg?)%fh?g?rrgérgfE eeydgfiué%r?%%ﬁ%ﬁfp%g?ﬁﬁjf‘éﬁfﬁﬁr %Bfﬁrlg a %FFF?% %1?506“‘![300
comprisdsesiapk §ERmthioalgh ihd8frediie operation starts at the "begin” block 1305. It is assumed

that operation starts at, track k, and that tracks O..k have already been corrected. The execution
paéths to blociﬁgﬂi lrJrP S8t é%&o‘@éﬁf@ﬁ?‘%gﬁ’ Wéﬂg)d(%%ﬂ? eysBeacans crlerateshat track

k-1. Thesadbseqeialien eSS qenl3 15 L&%Q&d@iﬁp?@?ﬂiﬁ@ CBEREHSEMEAbIS $4Db/igpeously
obtained hased on the servg marks at track k and track k-1 for one revolution. These position
measuré?i@ﬂf’éegré’é]eﬂﬂléﬁd at each servo sector of track £ to modify the nominal track center of
track k. This insures that the static track spacing between track k-7 and the modified track
center 1222 of track k£ will be equal to the nominal track spacing.

15 In state 1208 ZAP correction is applied at the modified track center 1222 to correct
dynamic track shape errors. The ZAP correction factors are added to the static correction
factors 1220 to obtain a new set of correction factors 1230, which results in a circular track
shape 1232.

Fig. 13 shows a method 1300 of the present invention for correcting static and

20  dynamic track spacing errors of the data surface comprising region 260 of Fig. 2. The method

1300 comprises steps 1305 through 1385.
The operation starts at the “begin” block 1305. It is assumed that operation starts at
track k, and that tracks 0..k have already been corrected. The execution passes to block 1310.
In this step the read element is positioned half way between track £ and track £-1. Then
25  operation passes to step 1315.
In step 1315 position measurement is simultaneously obtained based on the servo

marks at track k and track &-1 for one revolution. These position measurements are denoted

as x,, and x,,,,. The position measurements are computed using one of the prior art servo

detection schemes, for example the one shown in Fig. 14. In step 1325 the estimated static

30 track spacing D, is obtained according to Equation 2.



as xk,, and xk+,,r . The position measurements are computed using one of the prior art servo
detection schemes, for example the one shown in Fig. 14. In step 1325 the estimafcd aHEN8E ¢k
spacing Dk is obtained according to Equation 2. 11 January 2005 -14- In step 1334 the static track
spacing correction value is calculated. Typically, the correction value are determined as Ck = KDk
'‘where the typical value of constant K is 0.3...1. This correction value is then added to the head
position measurement at each servo sector of track-k4which modifies the nominal track center such

that the static track spagi rror 5 between track k-1 and track k wil| be reduced, In optional step
1336 the dyna ’ilcsfﬁgéﬁgﬁé LY S@&&%Cgféefgﬁfbﬁﬁg‘ﬁéﬁ&‘kﬂ%é qﬁ@‘%{gﬁct@&rrection

factor at@aglea8H/QaSRURY diteiBmIB4S eskatiC, ANk AV N RAIRAoR fRGINS AR \WHten pn the

disk. During normal operation of the disk drive thése correction factors are read as part of the servo
sectors Thambadediyihe mebhsureldqbsitibe Hadpositetingdheatatin anehdysarmicstack spacing

errors. In step, 1355 if is e ined whether all the tracks qn the disk drive have been corrected. If
yes, therﬁrﬁ&pk uncBtm Sl %etﬁasxééﬁﬁ%rnsb%ég R0 %f&ﬁ%ﬁ%%%‘. TR HY0 the value

€ ptocess arminates IFRSEY

of ks inbeewrentechchperatinhiadkabseil te Tadtkednd thinpspaieduleip 18peakedykhmid.tidEhows a
simple servo burst decoding scheme suitab, eé‘ar e with any embodiment I?f the present invention
e oSS PAECLTRABHIE P50 MHGAZR] eH R TS a1 SHFR OB ASTRE 466758 Sea1Es

1501,15Q2¢b203,1504 of a region of a data storage medium as it is being self-written according to an
embodiment of the present invention. In 10 state 1501, many track center reference positions
including thoselBrsterk148-tRestatig ruchdynamic spsrsrdamfastareereoyitioronehy diskolPuring

Iongitudiaam@psgeﬁ%ﬁig@%érmaz aristed el arsnth q&&@%&é@&i@ﬁﬁé@ﬁﬂ%ﬂod@%@k

tracks to be laid down in region 1524. As shown, note that a reader/writer offset distance should
exdBed andraddeshterthameastrsst ppsitinaetbysadenssting chetitatis. 22 dy seanac150X spasing

non-adi sl e ST PR RSP R A DRIV o several

passes by a rea ent throu
corrected. If yes, then the process terminates. If not, then operation passes to block 1360. In

step 1360 the value of & is incremented, operation is passed to 1310, and the procedure is
repeated.

15 Fig. 14 shows a simple servo burst decoding scheme suitable for use with any
embodiment of the present invention where position measurements vary linearly with
position.

Fig. 15 shows four successive states 1501,1502,1503,1504 of a region of a data storage
medium as it is being self-written according to an embodiment of the present invention. In

20  state 1501, many track center reference positions including those of track centers 1581 and
1582 are already shifted to provide very uniform longitudinal tracks. Additional (non-
adjusted) reference positions 1552,1553,1554 for additional tracks to be laid down in region
1524. As shown, note that a reader/writer offset distance should exceed a lateral inter-track
offset distance by at least three times.

25 In state 1502, many non-adjusted inter-track offset values
1560,1561,1562,1563,1564,1565 are measured during several passes by a read element through
the region 1524. In state 1503, a conventional ZAP correction process has been performed,
obtaining lateral adjustment values 1568,1569 and reducing dynamic irregularity in the last-
written track 1585. )

30 Moving now to state 1504, shown there are earlier-written tracks 1584 having a

reduced dynamic irregularity. Unlike any methods of the prior art, this reduction has been



the region 1524. In state 1503, a conventional ZAP correction process has been performed,
obtaining lateral adjustment values 1568,1569 and reducing dynamic irregularity intthd385@0 g8
track 1585. 30 Moving now to state 1504, shown there are earlier-written tracks 1584 having a
reduced dynamic irregularity. Unlike any methods of the prior art, this reduction has been 11 January
2005 -15- accomplished by interpolation. This can be a simple arithmetic combination of known
values, quite unlike the time-consuming process of-déaventional ZAP correction on each track. To

see a specific exgmple, let offset distances 1560 through 1565 be abbreviated as VO through V5,
respecti@%‘f?%eg%‘?é; AtBIATRE 6@%9&%&%@%@%@%5@@9&%@ kaopssvavenigh

V9, respagiiyaiviBy i drigfenminatieprieRiescbafentiad 4 F0Rp e At e adib s ¢ fhat §iee
times an inter-track offset Sl.e. between 1582 and 1585) can be estimated as (V3 + V4 + V5 + V7 -

V9) or a¥pPRePEoic examplesder oHfsendigiannssd HiseaurindSembeotibrtiviargdsis Mathdmrigte bjtable
lateral a 'EEéE@i%@ v roMi i ferm tyack spacingp, region
1524, Fgﬁ examgfe?ﬁqﬁSE*S%%@%%@%ﬁ%"‘@éﬁ%ﬂ”ﬁ%355%?%%%3%%%&52’&%%%? “V2-2v6 -
ve)y3. Sispush Wtrespectivaly eByra hoisasemhwidisod ssitabk50R thib 5iSe cmeatherdadiiatee

adjustmgnt, A alternativ .estimated V3 i+ + 2Y5 + 2V7 - 3V1 - 3V2 - 3V8
- 2v9)/3.In \é%%éegrgiﬁ%%g’% 2?%?5%?19 Seﬁ%F?:Z‘hevléer@“?%eé‘deﬁéégear?\%lggs/s 3B &S SEHRSd A Vet value
as an arMmelNG coMBin¥MpooisiNatevdime¥usel satdig)l offset distance 15 values are available.

For accurate inggrpolation or extrapolation, of cqurse, it should.be preferred that there are many such
measured valtﬁ{%itgﬁ.ei%os%%wgé Re it 86%"6?%@ e é‘rfielﬁ\‘fgﬁﬂﬁh%rlﬁﬁfﬁtéﬁiiﬂ?&‘?ﬁﬁttrack
pitch ofviilecdddsacistarsoepropiovidd egist2B4l19fnHo im ERR INPHORL 1AA0EoMPSELSIRIgPS 1605

thrq?ugh 1685. Read head.251 is podaition d to straddle first and second successive servo track 10
celers $28% the sRefhicixabig adtsted tikighcan Br stimated 23 CVONVire V2riddis 1848)/3.

indicating the syBdiaekde/@heReEaRRLMSULEES SN Y SH YPMaGK CERtels 334,383 HBrI1RRr1 615,
head 251 js repositioned to straddle the second and third successive track centers 322,323 to

measurdBpBmeniseilye 1498 canalisspapelzdosstionted iRV s18¥4 62_%\,/ﬂ1ésé\é(’fe 386mBiMad
pai r'WiS-eMQ"’QWﬁ’tW qaf %‘éﬁepél,aénlze) of &dfﬂaﬁﬁﬂélﬂﬁﬁpﬁpﬁ rjeggﬁ'y AETES Qlicable lateral

adjustment value as an arithmetic combination of whatever measured lateral offset distance
15  wvalues are available. For accurate interpolation or extrapolation, of course, it should be
preferred that there are many such measured values.
Fig. 16 shows a method 1600 of the present invention for normalizing the track pitch
of the data surface comprising region 260 of Fig. 2. The method 1600 comprises steps 1605
through 1685. Read head 251 is positioned to straddle first and second successive servo track
20  centers 321,322 as shown in Fig. 3. Offset distance values P, P,, ..., Py are derived 1610
indicating the servo track pitch between the successive servo track centers 321,322. In step
1615, head 251 is repositioned to straddle the second and third successive track centers
322,323 to measure another set of offset distance values Q,, Q,, ..., Qu. In step 1625, these are
combined pair-wise by calculating each D, as P; + Q;. In steps 1630 and 1634, a series of
25  single-track data track pitch estimates A, A,, ..., A, are derived.
If the P pitch estimates A,, A,, ..., A, pertain to a series of P+ 1 successive data tracks,
for example, A, represents a pitch between the centers of the first and second data tracks. A,
can be calculated as (D, + D, + ... + D)/N. A, can be calculated as an average of similar
pitch measurements between the second and third data tracks. From this distribution of pitch

30 estimates A, A,, ..., A, a mean M and standard deviation § are calculated 1648.



25 single-track data track pitch estimates Al, A2, ..., Ap are derived. If the P pitch estimates Al, A2,
..., Al, pertain to a series of P + 1 successive data tracks, for example, Al represeH{% é%ﬂt@fbé’@:@@en
the centers of the first and second data tracks. Al can be calculated as (D1 + D2 + ... + DN)/N. A2
can be calculated as an average of similar pitch measurements between the second and third data
tracks. From this distribution of pitch 30 estimates Al, A2, ..., AP, a mean M and standard deviation S
are calculated 1648. 11 January 2005 -16- A data trald identifier i is set to an initial value 1650, and
the initial track pitch Al is compared against a "too narrow" threshold 1655. Note that threshold may

be an arbitrary “v&RI8 &k idertdiss r1a seoaeiaalinil pus, 1R avddka titiahtr vkepitebt beislerived
from a eiaied Jagas 200 sieRAm dieialieness!l G HHA HACHBIFNAL BES SAaNaN. 1L 1S 5

not adjusted 1662. 1f it is too narrow, in step 1663, it is increased to a value closer to the mean M. In
either casduersachass &2k Taenafiing ek picehetol egediedah andowedsistrepdetor ddroadditional

tracks on g madi oge gmbodimant ofithe present invention is a method
oo e o T L A neieh. b o
datd surfasexdjGstadlé VI, inanymaratiglitratis (663;Has iHotdasd arangad dngitwditkalyadzach
track ha ack center (such,as 514) compyising many latitudjnal reference points (such as 321,501)
for fine %@sﬁ?o%fr}ll&r ERen ﬁcd@&g\?%})‘plg;?“ﬁﬁfééglgéﬁ‘i‘é’r?fgtécilg%}s”é‘glt, By rég‘?j‘ﬁﬁ‘if%fon of
lateral ofidéicidstdneaksuehths $26 su2€cba¥8E an average. Because there are many successive
pairs of tracks, there are rB{any aver;g% lateral offset distances (such as 843) defining a statistical 15

distribution (su¢h&5"IH3FHadhG By efithe Reasert davenuan Fadnsshrdqbneraalizng
include&&&ta@&mvaaﬁg@aﬁ%ud%m@wm é?eléﬁiréﬂg aRQngitveinadly eieyalle dattice
0

surface (such as the top surface isc 150). A signal is received (such as in steps 1610 and 1615)

frotd the'tr S darise neanvpirellple sk Gushes Hdl et paeanged loaatudiasyvalissh (saddhhas 866)
each indicpiivepfe? falerel gt dBlpnaR dsH @&&fﬁ@ﬁé@é@ﬁ H@g&élﬁ%&?ﬁ‘ﬂk&}’?&? of

lateral reference points (such as 321,323) are derived from the received signal. These

offset-infilRaposianiog. aFadsett cossiviftpain od stadmentértheuthtias dtab 23)cdreviog poirts{siochods
321,323l 9140 121 28, 897519, M Y AIGEBEIRTA s ) Sdipent
implemented in combination with the trdc

pairs of tracks, there are many average lateral offset distances (such as 843) defining a statistical

15  distribution (such as 943) having a variance (such as 807 squared).

The device (such as 110) includes a laterally movable transducer head (such as 150) and
a longitudinally movable data surface (such as the top surface of disc 150). A signal is received
(such as in steps 1610 and 1615) from the transducer head while the data surface moves past
the head. Many values (such as 866) each indicative of a lateral offset distance (such as

20  326,336) between a corresponding pair of lateral reference points (such as 321,323) are derived
from the received signal. These offset-indicative values are used to shift at least some of the
latitudinal reference points (such as 321,323) laterally (i.e. to 721,723) so as to reduce this
variance. Preferably, this first embodiment is implemented in combination with the track
shaping control system of (practitioner docket STL9950 by Gabor Szita, filed on even date

25  herewith).

In a second embodiment implemented in a disc drive, several refined compensation
values (such as 1566,1567 of Fig. 15) shift a center of a selected track N (such as 1582). Several
unadjusted inter-track offset values (such as 1560 through 1565) are then measured for an
adjacent region (such as 1524) including an offset track N +S (such as 1585). The transducer is

30° maintained over the offset track while rotating the data surface several times and while a

deriving a second set of several compensation values shifting the center of the offset track.



shaping control system of (practitioner docket STL9950 by Gabor Szita, filed on even date 25
herewith). In a second embodiment implemented in a disc drive, several refined cc%p@\%ﬁfdnzoog)
values (such as 1566,1567 of Fig. 15) shift a center of a selected track N (such as 1582). Several
unadjusted inter-track offset values (such as 1560 through 1565) are then measured for an adjacent
region (such as 1524) including an offset track N+S (such as 1585). The transducer is 30" maintained
over the offset track while rotating the data surface seppral times and while a deriving a second set
of several compensation values shifting the center of the offset track. 11 January 2005 -17- Then, the
compensafiSh VAR eampensAiah vadugsareeyisan ssethanthmhilenrheireadnivigla sieraiaves irsliieh+S

(e.9. as 78R 1SSl iR Fe .Zg.ﬁgefsegggéyntgeﬁg ted track and the offset track have at least one

intermediate track N+ 1 between them. CompenSation values for the intermediate track (such as

1599) are not 5 Beafersblyy the séteetedotrackning prooffsea tredt forvthe bifsebtieiicebuiediadarived and

written i thrae rotations by an interpolagion based upon the regcorded values. In a third

embodi;lgr%t?s%&l%%ﬁ:na%fa%o 8%13&243 ethoflré’éﬁ"fﬁt %i@ﬁé‘?ﬁ?&ﬂ’waﬁ%? niuchinsdgA9) arsrae

man§ offdetiiredidatiles viumeotnuching FoRe3s dsad Gopf: rich R Ark Vel Rl AR S SN Qs dgrived

from a mleas%ﬁedé%ﬁset within the selected trsgk pitch. Then, a first 10 indicator 'Ni of a nominal track
125 B0 SFFIG T 8 HRYARLBBPE ’r%'blﬁ’ﬂj%i YecBrlregrsapdst trluemany offset-indicative

pitch (suchas

values, at least hing ttatdeaftibei sRE0/ GHAUARIING I Mt OPAR Bl&@ﬁﬂf&&ﬁ@é%h}ivgﬁgigén
not Withir;l.the seIecE%d track pitch, The selected track pitch is shifted by an amount that depends

upon thel &SR ShedBann altsabiadicatie malues (ushasiPernchathnf Fapoht Exghralutof
account e iffRe AR At PiiereatHasial P ARBES RA RS sdldS &I ‘?Ig&egi&ﬁ%t Tﬁgé:,oanﬁrst

indicator indicator IN2 of another nominal track pitch is later derived by averaging a third’group of the

matl offitdisatredtivelmnrmimgbarack Hitplo (y¢hols 806 oft Rigs8hivebtiineddychvasgizg) datdadiot a
member fél‘fotﬂ? mg{ %’Pfsemrcﬁg%m%@ n&'@g aa}tmovigg average to be,used eésewhgre on,the
ac g i er% fgS) wi 3

data surface. In a fourth émbodiment, a sli Suchas a reaosg?f\)/f/lrclltglr'oo%s Pt S Wilter

20 than tiereadesasieederifsenishchs:2327)in arswithiin tihis sehniiel casibrpisclatiliinaléaterensk point is

St D R R I SV . (e Gpon theldiBlerence between indiestors I and Iy,
(such as by the method 1600 of Fig. 16). To account for irregularities of the different radial

15 zones of a disc, it is preferred that a second indicator indicator I, of another nominal track

pitch is later derived by averaging a third group of the many offset-indicative values. The
third group includes at least one value (such as 328) that is not a member of the second group,
thereby implementing a moving average to be used elsewhere on the data surface.

In a fourth embodiment, a slider (such as 150) with a reader/writer offset that is wider

20  than the reader element (such as 251) is used. In this configuration, a latitudinal reference
point is shifted by writing an adjustment value (such as 768 of Fig. 7) that is laterally offset
from the corresponding latitudinal reference point to be shifted (such as 32 1) by van offset that
is wider than the reader element. Preferably, the adjustment value is written in the same
contiguous servo data region (e.g. a radial, arcuate servo wedge 155 as shown in Fig. 1) in

25  which the point to be shifted resides.

In a fifth embodiment, each time data is received from a read element (such as 251), the
element is maintained in a lateral position (as shown in Fig. 3) straddling a pair of the
latitudinal reference points. Many lateral measurements for a selected track pitch are collected
and averaged. A similar average is measured for each of several other selected track pitches,

30  the pitch averages defining a statistical distribution. A mean (such as 806) and a spread

indicator (such as 807) are calculated for the distribution. Extreme values (such as those that



from the corresponding latitudinal reference point to be shifted (such as 321) by an offset that is
wider than the reader element. Preferably, the adjustment value is written in the s%é%ﬂﬁ@u@@
servo data region (e.g. a radial, arcuate servo wedge 155 as shown in Fig. 1) in 25 which the point to
be shifted resides. In a fifth embodiment, each time data is received from a read element (such as
251), the element is maintained in a lateral position (as shown in Fig. 3) straddling a pair of the
latitudinal reference points. Many lateral measuremengs for a selected track pitch are collected and
averaged. A similar average is measured for each of several other selected track pitches, 30 the pitch
averageSifenirogatbemsaadnamsensution Jimearhesperadrabicitanciee shesadleerdit fvor (such as
807) aref3lglipygddgr the distribution. Extreme values (such as those that 11 January 2005 -18-
differ from the mean by more than 3 times the spread indicator) are then selected for normalization.
A sixth embodifenttdf eimbpdesent ivk/dhetipresena iisentiona subbc alsivd Guckhes Ihte)al ThEdeteral

distancesgdn this. case, are,substantially radial.relative t axis of rotation of a disc i the disc
drive. Thgef%rtlg’l%a?ﬁgf’t#gg%s sausghaées%éﬁag% r%afﬁlgﬁf/ec%g{ﬁetl? ﬁg@ﬁffstﬁ% r&@.‘%gpdi SGie
inclidesthrediss dsiveh The bchghiddind)tatkofneizints arsamiadanibitcebihe A¥ia sterags, device,
especially, by redycing.the variance of its, static component (such as 942) by at |east 1% tg 5%. The
normalizi r‘%‘é‘é# ‘X‘?gd?‘iﬂg?émsir{ﬂﬁlaésa( é?e%(’fgﬁﬁ&ﬁﬁﬂ%”gbfﬁé%f‘h’?e"fﬁbr@ﬁ},sétb&ﬁlé%hen
the variafige esegeidedigscap@inliney RRRIEHh Vit befGleartiat AepBIRSRNIENIOfDIS well

adapted to attain thgz end% and advantages mentioned as well as those inherent therein. While a
presentl;l?X')Fé d e iodBimERE RAEPRl i NgLBEAm L MApbEFRB Yy Mehiderstrpsiareremmiiagchanges

and mogifjratigRRd el RA@BSmWRIHR RIRNAINRIBNR RPPR A AIES SRt NVRRtION. For

example, while the various embodiments of the present invention have been described with 15

resikct to a disk .&fiUé?ecﬁ@ﬁréﬁ@ﬁﬂ‘mpﬁﬁiﬁ@him’aﬁbmbN@ib?é%ﬁ’;‘édﬁ@ Aterbeineptbmadted in, other

changoe Al B e e e

encompasgeatimting bpirkeshttesémbertion plisploee o fnhds dssdefime varithe abpegededdlaims.
modifications may be made which are well within the scope of the present invention. For
example, while the various embodiments of the present invention have been described with

15  respect to a disc drive, the present invention is also applicable to, and may be implemented in,

other data storage devices such as optical disc drives and magneto-optical disc drives.
Numerous other changes may be made which will readily suggest themselves to those skilled

in the art and which are encompassed in the spirit of the invention disclosed and as defined in

the appended claims.



11 January 2005 -19 5 What is claimed is: 1. A method of correcting a track density in a data storage
device, the device including a laterally movable transducer head and a Iongitudina¥ﬂy~?ﬁ6\9@5}'e2@£
surface, the method comprising steps of: (a) receiving a signal from the transducer head while the
data surface moves 10 adjacent to the transducer head; (b) deriving from the received signal of step
(a) many values each indicative of a corresponding offset between a corresponding pair of latitudinal
reference points on the data surface, the reference {10ints laterally distributed across a series of
many longitudinal tracks on the data surface, the many longitudinal 15 tracks defining many
successive pairs of the tracks each having an average lateral 20 offset distance therebetween, the
many average offset distances defining a statistig%gﬂ'gﬁribution having a variance; and (c) shifting at
least some of the latitudinal reference points laterally by using the offset-indicative values derived in
step (b) so as to reduce the variance by at least 0.1%. 2. The method of claim 1 in which the shifting
step (c) gggépligsa%%g $ of: (c1) recording a first set of several compensation values shifting a center
of a selected trac N;?c%) recording several unadjusted inter-track offset values between a center of
track 25 N and a center of an offset track N+S; (c3) maintaining the transducer over track N + S
while rotating the data surface several times and while a deriving a second set of several
compendation Valmeshethiéting tivetoenter afitrduisity inSy dava tbrignderic2(hs d20i¢e4paliiding the
second set of cﬁggpﬁgrsfarﬂ%qgllglgremsls uégf:i ngg)a/u? A f%%gr;et%gi}/lvﬁil}g movable data surface, the

method comprising steps of:

(@  receiving a signal from the transducer head while the data surface moves

10 adjacent to the transducer head;

(b)  deriving from the received signal of step (a) many values each indicative of a
corresponding cffset between a corresponding pair of latitudinal reference
points on the data surface, the reference points laterally distributed across a
series of many longitudinal tracks on the data surface, the many longitudinal
15 tracks defining many successive pairs of the tracks each having an average lateral
offset distance therebetween, the many average offset distances defining a

statistical distribution having a variance; and

(© shifting at least some of the latitudinal reference points laterally by using the
offset-indicative values derived in step (b) so as to reduce the variance by at least

20 0.1%.
2. The method of claim 1 in which the shifting step (c) comprises steps of:

(1)  recording a first set of several compensation values shifting a center of a selected

track N;

(c2)  recording several unadjusted inter-track offset values between a center of track

25 N and a center of an offset track N +S;

(c3)  maintaining the transducer over track N +$§ while rotating the data surface
several times and while a deriving a second set of several compensation values

shifting the center of track N+§; and



maintaining a slider over track N+S. 3.The method of claim 2 in which S a 1. 4.The method of claim 2
in which S > 1 and in which the shifting step (c) further Scomprises steps of: (c5) défiviaguay 2005
interpolated offset for an intermediate track N+ 1 by arithmetically combining at least one of the
compensation values with at least one of the offset values and at least some of the refined
compensation values; and (c6) positioning the transducer adjacent track N + 1; and 10 (c7) within
three disc rotations of completing step (g), writing th@@aterpolated offset so that it can be read while
maintaining a transducer over track N+ 1. 5. The method of claim 1 in which the deriving step (b)
includes steps 6M)15 B e Hinsceonhat slorampensasioacrelressokthitcthey cancbaginad avtitdt group of

the many offset-indicgfiye Mgl a@ﬁ@&%@&%&%ﬁ]ﬁﬂ@ group being derived from a measured offset
within the selected track pitch; and (b2) deriving a first indicator IN, of a nominal track pitch by

averaging a segpad, st S ey wilsgtdndicative values, at least one value of the second

group being derived from a measured offset not within the selected track pitch. 6. The method of

claim 5 ip whicly o, Si{BAGFIERAF EWHRE 3 S'PRLET) AHRDHING (iR SelPRIPK AgK Pitch by an

amount that depends upon a difference between indicators Is and IN1. of claim 5 in
whiéh the deriviagptessyBletsrtfer includes a step (b3) of deriving a second indicator IN2 of a
nominal track pitch by averaging a third group of the many offset-indicative values, at least one value

of the third gro{§$not Betting 28 intspsdated widsectasrra dntrnmediare byadkn Plenidrting thomsidaldy
average). 8. The met |ai inwhi shifti includes, for each latitudina
reference point sh ifteg;ggngelf b%ﬁS*S%&v?%%‘? %%#efgggrr% E%ggx)dﬁﬁlﬁsm“élﬁ% \a}gliﬁ %%hoaﬂei S #@5 gr%{‘j’gtry
2005 -21- laterally offselfesamtha: latistishingd of fre nefenpd ict topemsanifsctthasjandder than the
transducer head.

(c6)  positioning the transducer adjacent track N+ 1; and

10 (c7)  within three disc rotations of completing step (g), writing the interpolated offset

so that it can be read while maintaining a transducer over track N+1.
5. The method of claim 1 in which the deriving step (b) includes steps of:

(b1)  deriving an indicator I of a selected track pitch by averaging a first group of the
many offset-indicative values, each value of the first group being derived from a

15 measured offset within the selected track pitch; and

(b2)  deriving a first indicator I, of a nominal track pitch by averaging a second
group of the many offset-indicative values, at least one value of the second

group being derived from a measured offset not within the selected track pitch.

6. The method of claim 5 in which the shifting step (c) includes a step (c1) of shifting the
20 selected track pitch by an amount that depends upon a difference between indicators I

and I,.

7. The method of claim 5 in which the deriving step (b) further includes a step (b3) of
deriving a second indicator I, of a nominal track pitch by averaging a third group of
the many offset-indicative values, at least one value of the third group not being a

25 member of the second group (thereby implementing a moving average).

8. The method of claim 1 in which the shifting step (c) includes, for each latitudinal

reference point shifted; a step (c1) of writing a corresponding adjustment value that is



- 9. The method of claim 1 in which the shifting step (c) includes, for each latitudinal reference point
shifted, an iteration of steps comprising: 5 (c1) identifying a contiguous servo data }égl8RYAMIAYRich
the latitudinal reference point is positioned; and (c2) shifting the latitudinal reference point by writing
an adjustment value corresponding therewith within the identified servo data region. 10. The method
of claim 1 in which at least one of the many values derived in the deriving 10 step (b) is calculated as
a sum of a plurality of component distances each degted as an offset between a corresponding pair
of latitudinal reference paints on the data surface. 11. The method of claim 1 in which the receiving

step (a) is iteralateliyeofbies rambthn datitudipal arfecs e peiaibyan sdfetrig atépvieetuin itbeation of

step (a) perfornggd dhile Ragiptaining the transducer head in a lateral position straddling at least two
of the 15 latitudinal reference points. 15. The method of claim 1 in which the shifting step (c) is

Pionnog! 0 TR HREMGR BIEHASINA e shitdhe o U0 MRS LA Bab Al

shifting step (c) is performed so as to reduce the varia e method of
claim 1 in whiclefistetegippigtstbifted) ancitedasestebstepsinpssivigg an estimate for each of the
average lateral offset distances between at least a few of the many pairs of successive tracks, the
estithates definiel) a ddenstfyingisedntigonuaseb2ptheegioremzthintihstatibtidadididivblitidereyce
calculating a spread iri)?jiﬁﬁt%r. 25 15, The method of claim 14 in which the shifting step (c) includes a

. OS1t1 ; ) :
step (cl) of shifting at”least s me of the Tatitudinal reference points laterally by an amount that

depends on th read:di .11 January 2005 -22- 16. The method,of claim 1 in which the data
storage device ﬁltsés; digciiJ l(g?rlgllg?%r% \%\?ﬁ[}c cﬁtl 2 fé%feezfg o %ltnélis?’aﬁvgeténgfatﬁéd %?‘f\%ﬁﬁts‘f%%?b) are
substantially radial reletisrespoadiagishartvathtioitinhalhisdéntifiedkisordrdaes asicn. which the
longitudinal tracks are

' 10.  The method of claim 1 in which at least one of the many values derived in the deriving

10 step (b) is calculated as a sum of a plurality of component distances each derived as an

offset between a corresponding pair of latitudinal reference points on the data surface.

11, The method of claiin 1 in which the receiving step (a) is iterated once for each of the
many values derived in the deriving step (b), each iteration of step (a) performed while
maintaining the transducer head in a lateral position straddling at least two of the

15 latitudinal reference points.

15.  The method of claim 1 in which the shifting step (c) is performed so as to reduce the

variance by at least 1%.

16.  The method of claim 1 in which the shifting step (c) is performed so as to reduce the

variance by at least 5%.
20 14.  The method of claim 1 in which the deriving step (b) includes steps of:

(b1)  deriving an estimate for each of the average lateral offset distances between at
least a few of the many pairs of successive tracks, the estimates defining a

statistical distribution; and
(b2)  characterizing the statistical distribution by calculating a spread indicator.

25 15.  The method of claim 14 in which the shifting step (c) includes a step (c1) of shifting at
least some of the latitudinal reference points laterally by an amount that depends on

the spread indicator.



nominally circular about the axis. 5 17. The track-density-corrected data storage device of claim 1,
having been improved by the method of claim 1, in which the transducer head is skbg8fEaM28R°
actuator configured to move the transducer head laterally along an arcuate path. 18. A data handling
device comprising: a longitudinally movable data surface containing many latitudinal reference points
10 laterally distributed across a series of many longitudinal tracks on the data surface, the many
longitudinal tracks defining many successive pairs of2pe tracks each having an average lateral offset
distance therebezween, the many average offset distances defining a statistical distribution having a

variancel@nd sthod b claymein arbishahe dunsarags deatredendliscotrive, damisidrabe device.
15 19. The datg, ' Vi i e j i i 2 i .1V axi
e datgranfbpgevicemolain @iﬂi’ﬁ%}%@g@@@ §t Eﬂgﬂf}g@f{%?@st‘s nl%n%‘an g

adjustment values each corresponding to one of \any reference po e data
device of claimagratasipiefendiscintitkerdisny dvpstid éntwhicke shie langitedinalnireke areesponding,

contiguous Ser\ﬁ%gﬂfél Qn §on ining the .corresponding reference point. 20 21. The data handling
device of claim 18 In Wﬁg% t%uearl{w;e%or]usprggaﬁ}c%sé the variance by at least 1%. 22. The data handling

devige of £laim s S| erally positionablegad _trapsducer, in which, for each first
one of the maniggf%%r}li&ee%%wgsggc&éaé&%ﬁgo%ig?k‘\%% e(r)(fer‘?caénﬁofn &ek e%%% 'HRE ?H’S?{tlé’ﬁsd ucer
can be placed ithemesthtataifmbsitioh, &0 @hiels thestraddieaobiaadhés fugipartbdegond saferirce points.

11 January 200(%%-23- 3. The dafla handﬁjn'%dgvi%egof claim 18 in which the variance-reducing
oy HEAVRTY A dta APBRAR BiTHRECRAS ge lateral offset

L 1 ured to move i
means is implemernted by steps of.
distance betwg‘ena%'f Ieagl:i]g fSV\(, 1%1:3 tpoe m%n%gairs of successive tracks, the estimates defining a
statistical distri ugon;lzﬁslc a%a&erlzingn%ﬁess istical distribution by calculating a spread indicator;

and a longitudinally movable data surface containing many latitudinal reference points
10 laterally distributed across a series of many longitudinal tracks on the data surface, the
many longitudinal tracks defining many successive pairs of the tracks each having an
average lateral offset distance therebetween, the many average offset distances defining a

statistical distribution having a variance; and
means for reducing the variance to correct the track density of the data storage device.

15 19.  The data handling device of claim 18 in which the variance-reducing means is many

adjustment values each corresponding to one of the many reference points.

20.  The data handling device of claim 19 in which each of the many adjustment values is
written within a corresponding, contiguous servo data region containing the

corresponding reference point.

20 21.  The data handling device of claim 18 in which the means reduces the variance by at

least 1%.

22, The data handling device of claim 18, further comprising a laterally positionable read
transducer, in which, for each first one of the many reference points, a second one of
the reference points exists so that the transducer can be placed in one lateral position so

25 as to straddle both the first and second reference points.



(c) shifting at least some of the latitudinal reference points laterally by an amount that depends on
the spread indicator. 24. The data handling device of claim 18, being a disc drive i PR RHERl
offset 10 distances are substantially radial relative to an axis of rotation of a disc in the disc drive,
and in which the longitudinal tracks are nominally circular about the axis. 25. The data handling
device of claim 18, further comprising a transducer head supported by an actuator configured to
move the transducer head laterally along an arcuate3zth. TRACK PITCH NORMALIZATION
METHOD AND APPARATUS Abstract of the Disclosure Many parallel tracks on a storage surface of
a data h&hdlingldédeta drndhingdevian of daimitliinar ticbothervaEiaohetraduding menaskscenter

comprising refq;gegﬁ%ggygggg?g{%}% (J teral positioning. Each successive pair of track centers has a
succession of lateral offset distarice having an average. Because there are many successive pairs of

tracks, there argymany ayeiaos,ateral tdi finin tatigsical,distribution having a
variance. The (Sae)vice include an Iatélr%ﬁgleﬁr%%\% 2’ rt}r%ﬁngs%%égﬁgéaﬁagﬁg %‘%‘ﬁ%‘ﬁﬂ&?ﬁ%ﬁ&wrﬁ?{\‘/a le data

surface. A signal is relrastedféromf tthe ramsopres dfemdoadsite tireckigtehsiesdnaacleinpgst the head.

Many values each indigaa}tlis\ﬁs qf Ci’;}slta}glrlz%qocﬂ‘j‘set distance between a corresponding pair of lateral
reference points are defived from te recived signal. These offset-indicative values are used to shift

at least some iéhe Iatﬁkldiqal-refer nce points;laterally so as to reduce this variance by an amount
Iarger than thactt fanyccorn a\c/:eer{l olrl'{.gl?lbneeiholalflcal axstr?quon y’ calcu atmg a spreac? 1nc?1ca¥or; an

(©  shifting at least some of the latitudinal reference points laterally by an amount

that depends on the spread indicator.

24.  The data handling device of claim 18, being a disc drive in which the lateral offset
10 distances are substantially radial relative to an axis of rotation of a disc in the disc drive,

and in which the longitudinal tracks are nominally circular about the axis.

25.  The data handling device of claim 18, further comprising a transducer head supported

by an actuator configured to move the transducer head laterally along an arcuate path.





