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 Januar 2005
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February 1999; Senal Number 09/474,277 filed 29 December 1999; Serial Number 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.



sense the magnetic transitions to read data, or to transmit an electrical signal that causes a magnetic
transition on the disc surface, to write data. As known in the art, the magnetic tranédu&@?'éé‘%@%@?is
mounted to a rotary actuator 5 arm and is selectively positioned by the actuator arm over a
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 efata tracks of the disc surface due to air currents

caused by rota%cf)ﬂ of, the disc. An important aspect of conventional disc drive design concerns
ekiehs

position control oA POUHRIACESEAEE Rt HGR B asRRtic B yssittbAtdsisad tver a
data traclesherthg raiadieact A WHIR ORIBENAS MNBIRAKSHiTaIRME SN SINNIEAIR,QLead from a
particular data track, the transducer gap of the ﬁea;d should be centered over the centerline of the
magneti@FEREsiriansiHRe aaithe dise W&@ilﬁ@ Waks éﬁéﬁto be written or from where the data 15 are
to be read, o ARG RFAUIPIRLROIMHINRLIE HRARUIP IS REIGSE DGR L NS oAl i8io
off-center, the head may transduce (i.e. either read or write, as thé case may be) transitions {0 ~or
fron? an akpeaddselectivelytpesitionedrbyphthectatar Arotosest lopresdevedyatenrisityqficaidissed to
control t it f tuator_arm. (In_a known sefvQ syst servo position informatipn is
recordecli? %é\}{t]ﬁéepg%g ét%?a%%%s%?f?%ﬁa d'gbapgrtlo?i%%teﬁ)e/[?é%gg éi‘/ ?h%aﬁea%f or Uss if\ot%tﬁfr% |ﬂ§’the
position dfeteestuetor Aim hsadtencemaiarladgenbdtrihseingren 4o bsazing supbdeehasernresystem.

In mode{p1 dé'lsacndgil\l/((:-:-e ratrcﬂite(g[urestﬁjtigzing arge dqfd serlﬁ/o sg*séem, each data track js divided
into a nUMMbEr Of - Serve settors generany SHsshy EEFC To R Vo [O 116} éﬁ@ﬁﬁﬁfgféﬁﬁ%cé’f‘fﬁ% ta track.
Each seronatsesiof ikdditaer 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,

Typftally, user MFOPRRAEATS BREGE A1 F MTEBHIBRRISG AP AS FRansBERostkeascoaner] ofhe
sectors. [Rath YegoiniBRyoMRralijeR ANYralyvBhin-a-sagipssabdatadialdRp 2dngtackidbey

may be written to the data track in a manner such that a servo sector splits the data sector between

two dateCAEId8ad 8nd WEIF%ABNALISEST Viaensvendrraaresithensristeadialny ateh&omitpeshadponding
servo segipre,Qfkneighpaiaa drig. ek adimnaag dadialy syientling.sRAls: g ervo sections

that are
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



11 January 2005 -3- equally spaced from one another around the circumference of the disc surface.
The equal spacing between servo sectors provides a fixed frequency of servo occlitrdapeary 2005
regardless of the radial 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 wihin a zone. A zone bit arrangement is a known

technique to maximizg the storage capacity of g disc. In accordapce with the fundamental geometry
of a circl%c,]"fﬁlwcsl &h é‘f%ﬂkggeo%ﬂé'&ﬁo't‘fhi%ei ﬁﬁféﬁgéﬁﬂlﬁ %WéfﬁFﬂwa%lf’él“alameter of
the disc.spiuing tachenceeedingdaiprividedn thedddialsRytorse-iy ecliphehas Roedaiestialdata

storage city than the preceding data tracks. A zone bit recording scheme takes advantage of the

ca p
increasiﬁ@‘i)‘g]rBﬁﬁﬁtfé’r%ﬁéhﬁ ﬁ&?@@%e%’ﬁfé’t@?tf’rﬁéﬁ@% dedrea Anng bisarsangamest tikedisc 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 transduced from the buyrst on the other side of the track centerline.

The micfHSTUBESEBFCATPER ALEUYS SERMEUTors paRse bit recording, the surface of the disc is

divided into a set of zones. Each zone extends for a fixed radial length, and the magnetic

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.



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 islﬁréﬁé‘#ﬁ"y 2005
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 drive to
write the 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 patterré-are written to the disc surfaces. Thus, a 5
typical servo tr%c‘;fk wrjter comprises %]&)ositioning sg;t m which advances the position of the heads, a
| i

laser based poSEO? FHEEIAF WISt SER RS csdiprangshamanyiastitrsioba ciserdirech
providesudigese hgHfQraatoR e wiitakte, haisRAllikldsm s disas SSOMREISIRAY Aiso be

written to the disc with what is known as self-propagating servo writing. In self-propagating servo
writing, tHERBBIEbsib Hhsisrrarthatsts asetsed sedefineote sranks astisatopidetive dfroisely

measuriia ehisoIRRFPAE A REINUGC AL SEHV BRES, i iRLEY HillER duing A previpys Step of

the servo writing process. Th_us, errors in t ead” position during servo writing appear as tidrtions
away frofyipicalessired wirckmmirerkoshprises Apositibaingsoygtizew hpcbpdvaadéalthtgrsicinharfc lor

spacing pf the tracks:on the disc isessential,to facilitate eliable.operatjon, of the djsc drive. While
servo tra%?%v%i‘%r% eli$ ?égﬁﬁiaﬁ%g%gg eca?grt%}gghdgégﬁ Setclfe %S\}télopﬁoo\ﬁt ee%%aéﬁ&%hﬁ%ﬁ??degree of
accuracylinusdjaivhiabkpspedentlie aacur ademonemars ba wattespacingseray Stldeeeiithrsdibe result

of the servo wijting grocess. In general, these track inaccuracies accur in two principle forms:
dynamic or AC élﬁac%pgyéé?égl aaX(ﬁg?a%% o %@ih%ﬁ%ﬁéﬁ&ftﬁyﬁéﬂ%ﬁﬁfﬁ%@ i?fa?iﬁ’ée%%%ally
occur asseavkestitifghoir selfgataiigathlgive o wiiineierriie siftonwging Herdsdiseagdherservo
10 vegitin%igro s, which pr.oguc.es Qa-circular track shapes oRr;étlhe 6%isc. In contrast, static or DC
inatturadi8y" @%ﬁ&%ﬁt%{ﬂﬁ‘ FHE PhmeERTIreRERS) rerfrrdbackamBlmdeattravaibemsd the
head dutiig & &raeicWhRGIRECL BRS R/ QY VTOHS JARGFWRGIRS FHHaG tratt, EiiB s SHIRARRE
Whereas the effects of DC errors has in the past had minimal impact upon the operation of the servo
disc drivROHE e BEEs TR MEHits aRPeriRe distioiens eersf mondesizglinisadaingylsidacant.
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



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 inventionkid #86842869.1
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 method. 5 In one
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 definfd 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 averagBIBAE gedmyentiondial offsets between a pair of
tracks is referred to as static (or DC) track spacing. Due to 10 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 Shaiptsghgisygntion cqmprsmal imethed foranereectitige tiskrifittiom thdaradwemdling the
track sp I ar d bod| escri ere a series of correction factors are used to
modify thee %%%l%éﬁr:%ﬁﬁé ﬁzgsd%n Atve to glr?omll%nﬁa A%rack centers defined by the servo writing
prodess. As a rhsuhﬁthahcﬁihnent;‘mﬂmyspamimMm&@nm@mm@d)sﬁﬁ@&@@ffrﬂdata' hendlingnée ik static
track spacm betwy yeen the c rre ted track centers WI|| be significantly, redu when compared to the
variance of trac péf:llﬁé: EEHE SR R REREN R AR gﬁaﬁeféﬁ %i“gﬁgjﬁéﬁ’é‘f%%m’ﬁecome
apparentitoin alueidg whefstredolalingitkig\piogesarththevaasnopding deidtleendasdiition. 20
Brief Description of the D awings Fig. 1 shows an exploded view of xample of a disc drive upon
which thE'presiah ‘#1 gﬁﬁﬁﬂ@ﬁ%ﬁi@d“ﬁé Biga WS ST w aa}S‘EfﬂﬁﬁrPBF]éedaF&eéﬂﬂﬁce of

the disc g i‘é@-iaﬁﬂfs@tﬂb@Wﬁe@nWQﬂM Bragiiied v RH AP UARIO[HDE) track spacing. Due to

10 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.



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 showk ViR &3
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
values. Fig. 8 shows a histogram plot of the offset vétues non-adjusted values of Fig. 2, plotting
frequency of ocgurrence against, offset distance. 5 f;‘ghg shows a probability distribution of offset

values having & 1Bedri BN AFEERR A g Yraeaclusionsd pHssy valuesthed shows a

probabiliggcbigtinyianda sitieh vakieaaHeshiftad R methags hilisn BE AL AsI0saictes ipthe
upper part of Fllg_. 5. Flg. 11 shows a probability distribution in which values are shifted by a method of
A

the 10 presentit®ehbAWas hissraradnpheicob s aiiprivdresgon-adiysted salwes dbigbcessive
states 1 Mfr é;%&@g&gg@@ i&pgfa&tgmggcemedium as it is being self-written

according to an embodiment of the present invention. Fig. 13 shows a flowchart of a method of the
present inventidtigo? slemakizngbstslitpadisypitohionthbadbsea valfechavorgprisiem trelregiion @68 of Fig.

2.15 Figﬁ}l\%ﬁ?gm&éﬁg%&g?@t@eg% lin scheme suitable for use with the present invention.
shows 1501,

Fig. 15 our successive states 5 2,1503,1504 of a region of a data storage medium as
it is being self-Wigiet0aboowslingrisbabidittyediemibodimentvai idtevateseantei sivifridosy mighddssbfals a
flowchart of a meth%fj of thg: .%reigeent invention flgr nqQrmalizing track 20 pitch. Detailed Description

& r%)\}\ﬁtr?gsl A s?é’cﬁfi@gﬂg/% I'-'Ej. , shown is an exploded view of 25 an example __

Turning POW & the
of a disc drive Fig.invshicwshe psbasilitindReribaisar tehiellydsefdte SRt @ibby a method of the
10 present invention, as depicted in the bottom part of 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,



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 whichléntdgsesYiéfeate
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 ef-vertically aligned slider assemblies (one of

which is shown at %%O). Po,gition refer;ncel‘%tta, which %ls?b!es each slider move to and remain over
a target SPRSSHHK SEH AR 44h Pa SR QR Aka geeo e drammarsey afsracalirlignedcdidereach

disc 120xskeaablididend o0 whtiP RAURBH RUA1BHIPFSNEIRFSDRAR data 2AAL BRILISAMPRILgNS of

actuator 130. The actuator 130 is mounted to a bearing asse_mbly_l4(5 which includes a stationary
pivot shARCTS ToMHLESmALn AKer acrraes daBtibdsPrrvided ip eadiel saevacuedges 126 distibuedpivot

ohaft 14Jis BPYGRG RLA RS URE (Ve oM copsildh ASalL LR wilch gypportc

by the actuator 130 within the magnetic field of a permanent magnet assem aving spaced upper
anddlowddArttasbesd 1o 281 postionsghettuasy 439 .nbuntethtocspkicer pulemietesallBasitgch are fixed

tothed rthar spaced from one another by spacers,136. Electronic ¢gifguitry is
providegl‘l %%#lajolgr?r%gﬁllr{%ft ac}lg% ,Orn% S gv?/?l?ﬁr%%u%e t%uﬁ%hdghdérgiacet%%tﬂ{e(iéé&%ﬁ:
Control signal$tovdrive dnevd/thivlaareacariad sisswedie giede e fand thiepronihg dtuateicd 36ivia a

flexible printed cipcuit cable 138, which a a its data signals tq and from the 15 sliders
150. Fig: n‘s ro&@i?e@v%ﬁfﬁ%&%ﬁs LN f&’glﬁr@% SfS&i%ﬁgég ‘fi??’f%é TEPRERF R St
2:2“2%?{?‘”%‘%‘33‘3‘??22‘?a???féﬁ?*é?ﬂ%ﬁ?‘ﬁi“??“’i%@%‘%ﬁﬁ?ﬁ ement s Coger e outer
didetel B s EEREI A A NSRRI SIS BIRSES 1S SIBLerh A b 4 Hrecsheldd of the

disk. Thgniaefaaiatopbad SURPBHS Aliciaed BY §RRE{S BYICERERLRRSHRNISY 0 e HE R le

226 of a few degrees is seen. Read element 251 and write element 252 are correSpondingly askew
from beirijpsedarrmerartd (REBiraatahgaangnounted to the underside of the deck 111. Control

signals to drive the VCM are carried between the PCB and the moving actuator 130 via a
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



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 caliBfatBRUBRA3RAK
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 150 is held at a stable radial position as the wedge 125 passes under the read element
251, which is shown at four successive positions 388;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 eleflEREDSIILigeHErates dsitant|dying iestegnaythae isgnugidst prape Bidnalgahe ameathodf the
position%géqaﬁ%mgggspr&@gelmag 08:;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 thiate thit edgl edgerof bussbe7st & tubsibstiatiallyigheed olumgracklceaies:321, offset

from a ri(gm f ndburst 372 hy onl ry narrow erase band. Opgratjing.5 conyventionally,
= conter B T P R P A P IR EEAIER Ao
shofvn, kowersionally,eleameet goihoid5lapsetdelsnatr Xteroatk eaeis dinawat lgnd shdws a

plot of an amplified readhack valtage 402 against radigl position 401. A minimum value 448 of
e RSATe v ot e 510 ST LVEIARI A HESOAF e RATREE th i

readback o tage’is's
not over32ed2ests 371,372,373,374. A maximum value 449 of readback voltage likewise

corresponds to_g signal received when read glement 251 fully overlaps one of the bursts
371,372,373,3?%81%&%%@& Ei.%% amugﬁ?fg .eh%i?ﬁ‘kzt@i‘im 02 aguinst sadiabrariemédlar 383.
Low valug #hdid YA 4liseyfisne B, S B R PARINANT 382 %Tm(?ﬂqﬂ&a&t&%ﬁ?ed

relative to the servo bursts can be estimated by measuring 15 the magnitude of the signal generated

bytfe brrdelemens REAdhratenctpverhetupandfn. 38233 Hird sesaing selentd %sofhown in
Fig. 14, f9£cﬁ9&%ll‘9@tg§éilﬁ@€zf§éré6§?e%%rcﬁ 0o FipRaMEANNERERRIP-AIA [flHrlibas] nginer cases

appropriate linearization functions may be used, several of which are known in the art. For ease of

underst&vdrieph ovif pbthsdmraet3hha ie3 Todton usobigh voluestts Li4bd (hasttbe #AR)winY be

Propertiggey 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



?0 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 norrﬂrﬂaimlép?é@ﬁg.
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,, /12 + ePES , where etr is the largest track spgcing error after servo track writing, and ePES is
the largest deviation of the head from its nominal position during track following (i.e. the track
following positidhsaeuldbemotsshho wyveenthagehe mshodprop®sd 9 thihdenbenatecbsowever, that

the met in this.invention can be.accommodated,to other ppsition decoding schemes
et do e B B O e RN AR MO SO B
quadrants (for ¥ pthasestteml Brpéiggicethat hkaborderlapsvaptiuideAR Moe &iipiasitigRwind

therefore, apd therefore the 5 positjon.of the head, can be measured based on either the AB burst pair
or the CB’@E}%{%}% E%%&é’é{a é&%%ﬁﬁb@[%@ﬁéﬁ%ﬂﬂ%aéﬂ( GC?FHEk% thesefonsthsne of
the Sracieddincefithe Hadearheanicnrid daiabeheihe HanABWL R PRRBAIRID B payhile
the other track i&a&z& to the head is.defined by the transition between the C and D bursts. If at a

particular point ﬁ%@@ﬁ%ﬂﬁ‘éé Taeksrack fanderack fdmihete thrtranr eptlsng, then
the positipgeadpiecamneiadReRIPSSiLI N askiansiiens REloRAIAG IRV IAE Maﬁ‘a%tﬁi?k&ﬁg A 8

equal. However, if the distance between two adjacent tracks are not equal to the nomina

spacing the R seskiar Fﬁé‘éi’siﬂéhﬁé?ﬁ%f{gibéﬁﬁé@dfhﬂﬁhﬁér aBiuad betyenn she &iranst Orivtretual.
Thus, the differgnge, %M@ﬁﬁﬁ%‘éiﬁ?%%sﬂﬁ@é%@%ﬁt qt%aéﬁﬁié%?éﬁ&t%e%i&%ﬁ%rs can be

used to derive the track spacing errors between the adjacent 15 tracks a lows: =xk,1 -
Xkif 1 (tyack spacing, then the position measurements based on the burst transitions belonging 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 &7 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

@



~ In the sequel the first subscript denotes track numbers, and the second subscript denotes servo 10
sector numbers, i.e. it identifies the circumferential position. xk,1 denotes the meaé&ré&'ﬂid}%ﬁﬁ@rpw
based on the burst pair that defines track k at sector 1, xk_1,1 denotes the measured position based
on the burst pair that defines track k-1 at sector 1, and sk,1 denotes the track spacing error (or
squeeze) between track k and track k-1 at sector 1. Let as assume that there are N servo sector
around the circumference of the disk, 25 numbered fygm 1...N. The static or DC part of the track
spacing error between two adjacent tracks can be derived as: (2) 11 January 2005 -10- If the
distancetbéhgedistansek hetmenraekck- & isnstytriclo £n2 isoeqindd| toadkespainm] therkDipaitigHoleaver,

if the tragks a ser than.the nominal distance, then Dk >.0. Similarly, if the static spacing, of frack
k and traggk E—Tis?%?éeevre{héfnt St giﬁﬁi?i%el ?Tg%ﬁf gﬁ%‘h?gﬁéﬁ’ﬁt{’ ISFP]%C&)A’&MP orAc %&H 8tlihdtirack
spacing & j t A pari > e derive : ak| = Sk,I - Dk
Note T ek 2 (DL P RO MRt Bl BT

dynamicTtheckyspadingrAlOgaaast beeceschisjadii arvoe luraedatomsidRb ik fiakd akaparidali} (4)
Fig..5 comﬁgp&wes a%%rlé)r art frack spacing correction method with a method of the 15 present
“REgidh

inventiont RGN &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@&re“wiiterPn with some degree of error due to(3)
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 adjosire dhackheafyabsmice @blkaipaddeaddinalarserestior iactos £ 1BJpdigMeastisrhead

position, methods foy which are known in the art. .
10 dynamic track spacing values can be combined in a vector as follows:

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.



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 arel25)@nuary s&deon
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. thd hverage distance between two 30 adjacent
tracks 517, 518, Thus, track spacjng 517 and 518 may not be equal. 11 January 2005 -11- Region
520 shows the SSHRIMANEI8HS thesamenehsrapdnbyspess fiestt fatRf sBPE v brons Gi23|

spacing@qmamuapeﬁﬁxfgt@%&%&éegﬁw&&ayE%ﬁtg%st{]%&b SPRGRIAREL ; (1%85%%‘8 g%?%%t

equal, i.e. the track spacing is substantially uniform. Fig. 6 shows an overview alternative
methodS4% tie Hheueravabdrmriche srach spacinglinyhstanpalizemifoross each disc surface. Region 600
shows several pasifof seferen 01 connected by dotted Jines 603 signifying the path along
which the servo gstem attémﬁgﬁ%ﬁ)&ﬁ%ﬁ?ﬁggﬁﬁﬁr{%@%rgtorgrg}ﬁggfsﬁ]nfﬁg‘f%%? 5’5%%% | of the
offset vanrsdvimgtwh pesesaerofisathatimlyntydheRagion #000shwE heveesi piositibw refdresiegion 610.

The resultant path 613 i entially,a.crogked.path having an average ra(;Lu such that the average
10 offset agkt\fvgglltw cs%rnl:%eecgg%\?gyt%%ﬁ?}égﬁ gfs% 55955%1 'zlélé.tﬁg 8%3%%%‘5’35‘3 - SN &YNEBrors are

reducediseraptiorolpiasiviomaliaheadifdambe dispatseiodaths ias o pass PR SS@sdvanl gy

method of the present jnvention, non-circularities are requced in a first pass, according to the prior
art methegﬁhd%%gl&taerﬁ ﬁ‘f%&r*fh#}é% Eﬁ ?§I§F16Wﬁ‘?ﬁ'i'e3§lé?lr8 LS ‘goﬁ%bﬁdeﬁé&%%ﬂ‘sé%%etween

successivsuliaokphraess eadnaatyrecoskaginalizeth:QRaE Mo adiantags alahindalgpethod is
that the é}? gg)rrection is performed with the head fraveling in a substantially different portion-of the
th

did® wi SpreREACTsEHYRTEacRien s s squsbiradiol pasapnd BAtROR-FrulRr s eseoshr
(non-CirHiREan 119 BHsIAaRE: R M BRRk S SDANMPHIYAASR gidio- 2. modified

by the inclusion of digital correction 20 factors 763,7 ach servo sector hds a dedicated field
where the corrbtasathanarsthas sthvbelpresent invention, non-circularities are reduced in a first pass,

according to the prior art method depicted in Fig. 5. The result is shown in region 620. In a
second pass, offsets between successive tracks centers are measured and normalized. 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



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 distanéé Hatkeen 2085
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 id2eommonly referred to as "read ZAP," where
ZAP is an acronym fqr "zero acceleration path." In the example of Fig. 7, another field is provided for
offset vaftBEFEEIRr g@&l?@ﬁ@& RigtRhEYERH N 28Dl Fe nend \ngg "Heeldsp b iseldR dfields the
track cegiepdhl. 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 Janua@ﬂao%gqus adnstagrancpleling thethemeoststddveardospacingdn327 beamegA P" fields,

"write ZAP.: fi Fig. | I f the non-corrected track spacing 326,327
petween i icas ot bl £ PRl A dY S 809 S SRR R AR ey
track 5 sprengB901F Foomhisisesaf ohlums)eseone canudalenlatean BO6(dERbetieydpshdsaM) and a

variancgjyg, ﬁc I stand r%{?e igtion 807 ared). £ig. 9 shows a probability distribution
943 of trackasﬁ%égggg\%g galést %’{ﬁr% ér}rin%%‘ﬁ O%r%%/]% Pa‘i‘rr\%d V3 as computed from the data plotted
in Fig. 8. Norm¥ligetl growahilitsobaklisy plisti¢buzigaindbirdckaskapingngahlsesintaitiolhe thagale This

distribution,models the data 10 plotted in Fig. .8 as.a Normal distribution. Also shown jn Fig. 9 are the
dynamicarclgrﬁ%)%?féﬁ?t%ﬁ 5%@“@(5%&?&% ﬁﬁﬁeﬂf’g& Bt 5‘(55%5%%@6% 8%%@6(0%93 ffith a
mean Mplatied patfselizadk spapiipde1 Tabaxpaitis eowpaenar; ddidmagor it Yie aameasure of
the disga%%%of inter-track offset fi tances between each pair of successive track centers. The

staft ¢ H 848 B2 3 Rioemal disprabiudops | Alseshawa i Fig-dperdis sl pramicrempensst 15
widths (94 pyaERaR: Rk a;ﬁi?eﬁ@ﬁcmtyv@pmpam&ml%%swm%%bwéa Vacll SO 3nd a

according to the paralle] axis theorem, if V1 and V2 arise from independent causes. Fig. 10 shows a
probabilitganskizndtiemploader The dyprmis svapersat 4dasstoratpace V1, a measure of the

dispersion of inter-track offset distances between each pair of successive track centers. The
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



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, 2 %u}@ﬂb\ﬁ%%@%
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 dynkmic component 1041 has been reduced

significaptly, and it is much smaller than that of the static component 25 1042, the variance of the
overall d?égﬂdu;&r‘ar"i‘ Iﬁsﬁisﬂ%‘iiﬁ% r’fﬁfdﬁ?ﬁealsléﬁdﬁ\m}‘ég{“ﬂ fﬁ%vélﬁrfﬁ%ﬁﬁﬁﬁmﬁ%%haﬂﬁ of
offset valides ailaedadessleliaBg m&%wﬂw%mm%ﬂaeh&wm.corrected by a method of the
present invention, as depicted in region 650 of i.% 6. Normalized probability 1102 is plotted against

track spacing 18, 13 sBemniRK susrasatee Taes, bR L2045 1RR6208whacegioo s data stisrageluced
0 e SomERR R AS LR AATY SRRSO SR M. Alionnly s varnce

of the static component 1142 is reduced to be about 50% o e dynamit component 11
Jandaryeroeslizmnt of the\praseasinyentiootalivaremta02] ds:igatioendhmaetic clivety ofdiacks dhan

could ey e PR 4ol SRlS b Lorsalan o R RTe CONIRONAT L e S ol four

successive states 1202,1204, of aregion o ata storage mediu
dynamidsteaghsdemingrether§ gureoaidd v neoten d epacitigd 24 AriTTaeknboelinaent bfbaerbsent

inventiog. In S zélé[e %tz tpe stat{ and qex amic errors é)f tracks k 2 aﬁd track k-1 ha\#: ﬁg!;%?dy een
corrected, ThuS track kL and trackk af g%ﬁféf}{ ROV TE SIERT MRS HTHE HGres 138¢e
nominalthpaeaal $pAtingliadkdincbirect.nave not been corrected yet. Therefore, they include
signjficant dynamic errfg (not circular track shape) and the track spacing is also incorrect. In state

12824, many thé e 481 BARN G ATAES o' RAS Aeevlire d 20 rra mEnseadand salrulasegrat
accordingd @at&tm&dm{mteqaaﬂ@mpm@t@@@@%&%ﬁﬁﬁ@&%&@&%@rﬁ&a}@li'?é@dwd applied

at each servo sector of track k to modify the nominal track center of track k. This insures that the
a‘é&g

static tr E‘i‘ln@"gé‘lm?é’éﬁ frachk seripdestonab araek ki medifitahe 2ominal atack semtbecdqual to
the NomipRIBCKITPKAELs that the static track spacing between track £-1 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.



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 factorsld 2 HRBh IR
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 ad$umed that operation starts at track k, and that

tracks O..k have alrea een corrected. The execution, passes to block 1310. In this step the read
element is posiﬁ%ﬁ'ée(? ﬁéﬁ/\f% HatodLr éR:%W&ﬁarfﬁfHQR-‘ﬁ?ﬁéW?%‘ﬂﬁ@étmtf& eh® step 1315.

In step 1kpepaisiiionliRens daRalhiI Sinltanepusly RhaiRe & pased A0:BE SRtk 8t tiack k
and track k-1 for one revolution. These position measurements are denoted as xk,, and xk+,,r . The

position Muasoreentntsalecoiiputeddeding theceidpegrion absendnenatectarh sehamnesdobf

example th e shown in,Fig. 14. In step, 1325 the estimated static_ 30 track spacing Dk is obtained

according %%&l\gﬁgn Toﬂf%ﬁug%oﬂﬁﬂgl t{if’i% S&ED ?L“égﬁ?ﬁ tgfaffgtﬁcagﬁ SRGE6H8Etion value

is cdlcultedeEypicalyt-thendonredtibwilhberadaddierminedmioak swEDis sshaedieahiRicaldalue of

constant K is O.3...1..Th5§correction value(i;st er(lél d %c:t o the head position measurement at each
iAcHe

servo settRof CHEER R MO AGHRERPIHE STAHG R SRHP TR eriRt faclk ssh¥Ring
error 5 beugen track k-1 and track k will be reduced. In optional step 1336 the dynamic track shape

correction factors are computed and added to the static correction factor at each servo sector. In
step 1348 the JasteRAd 48 thastatiorrsdpnamicser meianifestosnareraiskeDeritke disknBusmgation

of the digl dtiyEdpascRSEation lRcipr: AR deast Re R Rl IS SeNQFaSIR 1P Aidadded g e

measured position, thus correcting the static and dynamic track spacing érrors. In step 1355 it'is
exdfhineandpddsd taithnaneasredpasitieiskhmsvo mastingsba stwitaad dyliais, thok spegimgcess

terminatgg. fnq, tslggﬂ] ORIALONNATERT %914%&%%&3 HPO0% {Packs on the disk drive have been

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



step 1360 the value of k 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 Enbsniam#he
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 10 state 1501, many track center
reference positions including those of track centers 41581 and 1582 are already shifted to provide
very uniform Iong'tugii al.tracks, Additional (non- adjusted) reference positions 1552,1553,1554 for
additioné‘f‘i?éﬁREﬁlbe ei;IYaiﬂtﬂERﬁll?TfPFég?aHs 2 e A siamplg Arinets combinaaen afdmsmeevalussnce

should eysieedsilaleral deieicanlmalie st sioneedaldsast Muaedimesion 4 siaiP e wany
non-adjusted inter-track offset values 1560,1561,1562,1563,1564,1565 are measured during several

passes BiF & FseHiterrrmplenls ghtses dissenees 1560 thiaughel 56D e albbrevinitidna V0 romgh Al
brocess bgs-ReaReHRInEA Lo SR\ ANLSIRRn g TRBALARR AN elicipg dynamic

irregularity in the last- written track 1585. 30 Moving now to sta own there are

earfler-vihiteugh dksrageativalinBy xbeief esadymativio vfetukart§02 ik 503y onetondseadilyesasior art,
B i P e R ety L B

arithmetic combination of known values, duite unliké the time-consum Ational
ZAP corVectioN Dr- €8¢k Walckr T0(\dee- Vdpeciiiz exXdsnpies) et offset distances 1560 through 1565 be

abbreviated a through V5, respectively. Also, let Jateral agjustment valuyes 1566 through 1569
be abbreviatesz& ESthrotghave! FeSBSéﬁ\Per@)s‘.“éV aflb‘nae‘ia ?f?as%ﬁléfstjf’é‘fé EHSIRRY 503,
one canvedaelilseeteadaod) reepisiddeasu batantirlgkuaifinidivadielprin 198 152%5) g be

estimated as (V3 + V4 £+ V5 + V7 -V9) oy as (VO + V1 + V2 + V3 - V6). With these observations, one
of bgéinﬁﬁmﬁf’t‘alﬁ gesRiEcTAES I’é‘?iéféY%f{ éﬂﬁgﬁ?rféﬁt be stiaatsdas Qs\)%dé} to/Brodide -sYBntially

uniform track spasHRBeBRYIAR 1834 Fidr, no value of VO is available. In this case, another lateral
adjustment value 1599 can alternatively be estimated as 2V3 + 2V4 + 2V5 + 2V7 -3V1-3V2
-3V8-2V9)/3. In general, one of ordinary skill can very readily derive a suitable 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.



example, the specific value indicated at 1599 can be estimated as (2V0 - V1 - V2 - 2V6 - V8)/3.
Suppose that, due to an error, no value of VO is available. In this case, another Iaté?apaﬁﬁjﬁgfrﬁgﬂﬁ
value 1599 can alternatively be estimated as (2V3 + 2V4 + 2V5 + 2V7 - 3V1 - 3V2 - 3V8 - 2V9)/3. In
general, one of ordinary skill can very readily derive a suitable lateral adjustment value as an
arithmetic combination of whatever measured lateral offset distance 15 values are available. For
accurate interpolation or extrapolation, of course, it sbéuld 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 datd daRdsackdaemtding nsgrsrioen igimalvalur 165%eand dhesogieb rrprspitchtedsia 605
through 5§83, REAFMEAY 2ado IR APSHORERR SRR 3654 N%E@Hﬂgﬁ%%@ﬂogﬁfigfg ?X G cﬁ%%x%g}? k10

centers 321,322 as shown in Fig. 3. Offset distance values P1, P2 erive

indicatingalhe slyest?i3pite mominekimatiepitdsdesiexpsdianresaok cepdonotdind B2 ethfstep 21615,
head 251, [t r ng third sucecessive.track centers 322,323 to
measurd Aoy e Ay SR Rer S R R B A RN s e
pairdwisadtyadaistadtiég 2athiDs asoRiatrQw) insteps1663Dinisdikiesked wesieslaf Zosingiaticaslesdata

track pit timates Al, A2, ..., A e derived..If.the P itt(t:‘gg tijmates Al, A2, ..., Ai, pertain to a
series o?‘% ?ﬁeéhceéecég?\’/%a‘%ﬁffr&%ﬁ 957" {fﬁﬁﬁﬁigffﬁmg‘b 1%421 ) BERTRSE S tHP BRI of the
first and sklicodallatackacksshaldsanbdacaltesated as (D1 + D2 + ... + DN)/N. A2 can be calculated as
an average of sjmilar Pitc{w measur%r%gnts b;gv en the second and,third data tracks. From this

A !

distribution of Pty 33 EENh4BE GRPHment ErRESSAN RV LR A raEhastRingraralicand lated
1648. 11rdaRdRnkiePOR 1 MarAwaigdRekddantifiey 4 iapal i aprinitiab\dide 1650nd te initiplrack

pitch Al is compared against a "too narrow" threshold 1655. Note that threshold may be an arbitrary

valte suerthe ¢russ, manypasalielacacknichorselglo arerssangsd fnsitndinallieBock tragh has a

calculateg, spean @ﬁé}%&%@%%&&ﬂﬁ@ﬂ{%ﬁxaﬁf]&ifﬂﬂﬁﬁf?&fé%%@ ﬁ“é@‘%%%‘?ﬁ?#?ﬂ%g aij BFo

adjusted 1662. If it is too narrow, in step 1663, itis increased to a va
either cdties pesitiaringackacle suidisssiverprambrmatk tos?rafathapddderd3)shropeatestoesadaitibnal

tracks of 106 R WiRgE2 ?s%%h as 326,336) having an average. Because there are many successive
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.



Alternatively, one embodiment of the present invention is a method of normalizing track density in a
data storage device such as a tape drive or a disc drive 110. On a data surface 16 i Iaussyi€f05
many parallel tracks (such as 151) are arranged longitudinally. Each track has a track center (such as
514) comprising many latitudinal reference points (such as 321,501) for fine positioning. Each
successive pair of track centers (such as 321,323) having a succession of lateral offset distance
(such as 326,336) having an average. Because therejgre many successive pairs of tracks, there are
many average lateral offset distances (such as 843) defining a statistical 15 distribution (such as
943) havihgR VA AUBREEH o Bivesqraedtentso thatithefsouh esraadyvinbtuneialaiagadylidavable

transducglg,geﬁchgwgglze_i]}@qg ?B\g Lsaslp&wglfgiﬁ?ély ovable data surface (such as the top surface of
ived

disc 150). A signal is rec such as’in steps 16¥0 and 1615) from the transducer head while the
data surface mdixesepelsly thleetseladtet amyky ahded énfbletas Bk Maeaak lindicaiy medraaiRia pfiget

distance 20 326,336).between a corresponding pair of lateral reference points (such as
321,323)1(?2?%Cl it nf?g?nmfhe Pé“c%?\’/‘é%“sﬁ‘éﬁ’&f ot sheinsermedate, rach, Guch as a9 ket
leastsonderdfed bylatitudinakreiarricg poicds (s B dReB AaRr Bl £r€ diRided af2B) sR:as 1R
reduce tl]is variance. Preferably, this first embodirgent is implemented in combination with the track

shaping CORtroTSyRERT SR RIOHE FHieRQr s bysg Bpasdberessrdedivuss even date 25

herewith). In a dacotidebikbdiprhvnplamaniest I s disacive sexeriral ‘%ﬂ'ﬂég |
values (such as 1566,1567 of Fig, 15) shift a centggr of a selectetd tra(g{?ﬁ gs&%ﬁas 1 él)é%sgl/%%ﬁ

unadjustE e PRkt %?%ﬁé?é?i‘éﬁéﬁ%&"&%b‘%ﬁ&@ﬂé@éﬁa Higa ) reBafdr waluedfacent
region (suahias: Frad Baluring woaflesidarNaRsusinaP ke aRSiser if30. malnained

over the offset track while rotating the data surface several times and while a “deriving a second set
of dverdndistosdsanbn vaminsktivek gitch Ganbersoiapefofig 8 actbtainddrhyeay 206 2 Bedhrh, the

(o ae T e e R R B el
intermediteatraricatiret béfssepndness2Comopevishiiothy atliesctberivk ipirtmdetalsackd (eadh as
1599) argipc%t is shifted by an amount that depends upon the difference between indicators I and I,
(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 an 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



5 derived by the time-consuming process used for the offset track, but are derived and written in less
than three rotations by an interpolation based upon the recorded values. In a third Ehndiiaent o
indicator Is of a selected track pitch is derived by averaging a first group of the many offset-indicative
values (such as 326 and 336 of Fig. 3). Each value of the first group is derived from a measured
offset within the selected track pitch. Then, a first 10 indicator 'Ni of a nominal track pitch (such as
806 of Fig. 8) is obtained by averaging a second groug of the many offset-indicative values, at least
one value of the second group being derived from a measured offset (such as 327) not within the
selecteddtfiex fsnenthemesn dotaaare shamAdionessHiepread andienturhah shere pedected foom the
differencghgiyigapdadicators Is and IN, (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
IN2 of another Hosizthlemdudipiett iof idte pdsevetbsnaiver aginjsa dnive Guathpaof 10, Mizylateral
offset-indigativ lues..The. third group,includes at least one value (such as 328) that is, not a
member%ﬁ tt{e(gss\e{z%(l)crﬁ3 ’érrlc?uE 65 S s%’r%f)eysﬁnl%gfénn%qgﬁﬁ&‘%ﬁ%g%%‘éeé\cfearﬁﬁgfoogéoﬁ%té e?@\ﬁ?‘f&g‘on the
datefsurfhealitn drivertTlenibngiraéinialarakite (stsdhcks 45 1203 withmdipdadulitebelisehshaids wider
20 than reader element (such as 251) is used. In_this configuratjon, e%atitudin | reference pointis
shifted b%rﬁlﬁ@%éhvsaﬁffw#éd?mééﬁm 285488 368 OF ARG Fy%??é‘e%eﬂﬂm ethe

correspahiingdadiieidingbepé easﬂyp%ﬂié&xbﬁ@'@ii‘m&ﬁ%é SEid3la Ry campHachthghds wigss)than
a

the readegr element. Preferably, the adjustment value is written in the same contig)uous servo data

region (Y % Easidi e ddte 0 aBHGE 18IS BN Vel ol daAciem op smP Bt shifted
resides. dprefitRIPRIRENDbRASWIEE JRliTARcaived S A dead RIRRAERLSHETy as 251), the

element is maintained in a lateral position (as shown in Fig. 3) straddling a pair of the latitudinal
reféPence pointk: WitirReisleanthatthapeesruitinkanticriscvell adaptaditcnatiaincthieetsts amdd averaged.

rer . taoitshas d a
A il gy eRed SAIRASHIE Y SE Rl S RIALAGRL e certicack, Biehs, A0 itch averages

defining a statistical distribution. A mean (suc 6) and a spread such as 807) are
calculatednfordimaedistris kiten. desariredd foal pegptsechiabithdisel tiate] vadausalyaBg@GantB- differ from
the meanm%&i@c%@o@sarrﬁg’yt@%a@eewﬁﬁz%a%ér]vgé?ﬁ%r f}{%}-fg‘ (sacpogg Ig{: %Eg ggersent 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.



normalization. A sixth embodiment of the present invention is a disc drive (such as 110). The lateral
offset distances, in this case, are substantially radial relative to an axis of rotation drlaldieary 8QRe
disc drive. The longitudinal tracks (such as 151) are nominally circular about the axis. The disc drive
includes means (such as 763,764,768) for normalizing the track density of the data storage device,
especially by reducing the variance of its static component (such as 942) by at least 1% to 5%. The
normalizing means may alteratively include a step fed9e-writing some of the reference points when
the variance exceeds a predetermined threshold. 10 It will be clear that the present invention is well
adapted to attain the ends and advantages mentioned as well as those inherent therein. While a
presently preferred embodiment has been descri I purposes of this disclosure, various changes
and 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 g, di Ccﬂﬁ%%dtﬂ? 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
chafges maybe 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 -Aonethibdtofadlaientdgs: track dmttindiofacdivestingga dadked dnsityviksifldiadaigrage
device, the devfc%ljagflu%igg B Iatlteral X m val%,le taanrfducerépear and a Ii)n itudinggy movable data
surface, the method Comprising AEps %‘?ﬁgf SN RIIE YoMaPRPIFFLh SRERtR AREwhile the
data surface mmshodQaipisiagtadpedfansducer 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 poings) on thecdptimguriizenl theniales enes diistthdateweijedistriviad @560 98c%es ‘

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



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 théfepRNaBh 2
many average offset distances defining a statistical distribution 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) comprises steps of: (c1) recording a first set2@-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@cenfBritngthsrresond vt ok o mprnsatinnairives sechatribaycan begeadsrbile+ S
while rotating the datqéﬂg@%n%eyggajﬂtig{% g,gg(ku_%.a deriving a second set of several

compensation values shifting the center of track N + S; and 11 January 2005 -20 (c4) writing the

second et of cpMNARSAIPBNANSSSR HaidheY §an be read while 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 stee) fthisd SECMALISSS FERR @f'>(f§),&'%W&&Qﬂ@&@{m@%gggﬁ%&ﬂ

intermediate track N+ 1 by arithmetically combining at least one of the cOmpensation values with at
least one of thewHpetseneps afid 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®fhe indsrboigeaa _émrsel_?oslm_ﬂ@tffmefnr@ mmtmmwng byrarisumeticdler
track N+ 1. 5. The meéQRFoRLﬁE‘&‘E‘IJaéE‘ SHRIGR e CQE{L%H&EE‘%PVQ%A:Q%%% $L8952E 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 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



- 15 (b1) deriving an indicator Is 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 measuréy $HLai#RP e
selected track pitch; and (b2) deriving a first indicator IN, 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 120 selected track pitch by an amount that
depends upon a difference between indicators Is and IN1. 7. The method of claim 5 in which the
deriving step (JptertHraHest deambelouss)ianl aefangepotudridan diffsb tiadsovideothimtheack
pitch by averagipg, aythicd grup 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 ¢f clai j j [t ' h latitudinal reference point shifted; a
step (cl)9bf wr?[sirr?I ¢ gn\ggﬁ?gsgﬁ%%g%ﬁmﬁ# ggﬁﬁ%ﬁ%ﬁ@ﬁﬁﬁgﬁéfﬁbgc 16%%&@ offset from
the latitudinal réeégeanse point byifsedofis dtethtions ofistepsrampirisitinsducer head. 9. The method of
claim 1 in which the shifting step (c) includes, for each latitudinal reference point shifted, an iteration
of sfeps comprishy: Sidenyfyéngifpogtiguonsigtrvosistrvegitatamiclyio whichinhe hicinttin shtisfietierade
reference point is pos'@g&eg; anqt;g%z%)ﬁshift'ng the latitudinal reference point by writing an adjustment
t

i OSIT1 - . ) .
value corresponding therewit Wi &'identified servo data region. 10. The method of claim 1 in

which at least of t s derived in the deriving_ 10 .step (b).s calculated as a sum of a
plurality of com p?nentnﬁlﬁ?ﬁ(%\é%g%ﬁagré?lv%dﬁ as antol S%t’fé‘ﬁ,“é‘g gnc%&&%sgggﬁéiﬁa;ilﬁair of latitudinal
reference points on theodeespsodiagaheréwithewivhinaticidelaifiedl serwbiditrihregieneiving step (a) is
iterated once for each of the

' 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.



many values derived in the deriving step (b), each iteration of step (a) performed while maintainin
the transducer head in a lateral position straddling at least two of the 15 latitudinal léféf’éh’@é}bg@ﬁ :
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 late2! offset distances between at least a few of

the man)i Fgairs oLsuccessive tracks, the estimates defining a_statistical distribution; and (b2)
charactelfing thesmerdrhrlamlion Bichitkednytospge davisgitsadlisodrive, Thaviriethde of claim

14 in which thelshifiingfRaRI(ShIRELSIEHA RER; i i dhg ogtudinal
reference points laterally by an amount that geﬁ%%o@%@%ﬁ%&éﬁ ?élcﬁgg%glralllg 33%5%%%@5%‘ -22-
16. The metho®@bfeatiemofasdiscinikedtisa dtormgadisvivhisha iidongiuelimlthicksheslateral offset

distances of th g i\ b) are gstantially radial relative to an axis of rotation of a disc in the
disc drive, and?ln \;&\/{En}l‘(giugﬁ%é?%r%%tﬁbcﬁﬁ%a# racks are nominally circular about the axis. 5 17. The

racly depaity-cepfeaiailala SR AR L EIAIm hnyRg hesn impraved by the methad of daim

1, in which the transducer head Is supported by an®actuator configu cer head
laterally along aheamushtedpditiaiiB. 1AidathichnHEnepdelicer dombiisingp ered bijudinatiyapevable data

surface contain(i:ngﬁn%néalgtitudinalhreferené:e % ints, 10 Iatﬁglal%distributed across a series of many
longitudinal tracRs 6% five HafR B f3EL HE 1 ?éf GHtdainat (PR8I AETHAMGPATENY successive pairs

of the tragks ea&h having A0, 2ygrage lateral. offset distance therebetween, the many average offset
. . X data haddling device comprising:
distances defining a

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.



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 inl¥ni@nuasy 2005
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 ¢daim 18 in which the means reduces the
variance by at least 1%. 22. The data handling device of claim 18, further comprising a laterally
positiondBie reddeiiatsbandling denien oforlaiarhSie rdrichothe wariame nefbreingenpaimiss a second one

of the referen%@émgﬁégb}s&gg}aéf{he transducer can be placed in one lateral position so 25 as to
straddle both the Tirst and second reference points. 11 January 2005 5 -23- 23. The data handling

device of claim¢}\3 in whie ' -l | IS, Implemented teps of: (a) deriving an
estimate for ea@lsof t\r?(? }ggié& eﬁﬁé@éﬁ%@eﬁ%ﬁﬁ%@%& %nglleé% fggssett ?(fiw%?t%%t%n%fﬁlyabairs of
successive tracks, thdeastimfewotidimingny mtatsticakdistiveutiorks(bhebaiaeteszlefining atatistical
distgbution by calcula‘gitr;gis%s réggrigdticatpr; and (c) shifting at least some of the latitudinal reference
points laterally by an amount that de‘ﬁe‘ﬂas on the spread indicator. 24. The data handling device of
claim 18, beinggO discc%rai}/gc tiQrwpI{cQﬁQetL%tetgallo stet lct).dis[)anc S ?re substantigll adial relafive to
an axis of rotatton of a e grstical qucribation by ¢ Gddif fRIR lﬁ?fﬁﬁh%ﬂg

ISC In the dIsc arive, and In wnic

circular about thg axis : The data handling device of claim 18, further comprising a transducer
oo sunporteoy e R R e e B I T g o he
path. 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.



TRACK PITCH NORMALIZATION METHOD AND APPARATUS Abstract of the Disclosure Ma%é
parallel tracks on a storage surface of a data handling device are arranged in a Ioﬂérﬂﬁ'#é‘lrﬂr n
Each track has a track center comprising reference points for fine lateral positioning. Each
successive pair of track centers has a succession of lateral offset distance having an average.
Because there are many successive pairs of tracks, there are many average lateral offset distances
defining a statistical distribution having a variance. Thg-device includes a laterally movable
transducer head and a Ionrtudlnally movable data surface A S|gnal is recerved from the transducer
head while the dafePst+8c& - > 2 Vs 2L HA G A RARIRIBral offset
distance between a correspondlng palr of Iateral reference points are derlved from the recelved
signal. These offset-indicative values are used to shift at least some of the latitudinal reference
points laterally so as to reduce this variafbstiactof-tlne IDis¢hogerethan that of any conventional
method.

5 Many parallel tracks on a storage surface of a data handling device are arranged in a
longitudinal direction. Each track has a track center comprising reference points for fine
lateral positioning. Each successive pair of track centers has a succession of lateral offset
distance having an average. Because there are many successive pairs of tracks, there are many
average lateral offset distances defining a statistical distribution having a variance.

0 The device includes a laterally movable transducer head and a longitudinally movable
data surface. A signal is received from the transducer head while the data surface moves past
the head. Many values each indicative of a lateral offset distance between a corresponding pair
of lateral reference points are derived from the received signal. These offset-indicative values
are used to shift at least some of the latitudinal reference points laterally so as to reduce this

15  variance by an amount larger than that of any conventional method.

Figure 5





