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‘BACKGRClJND OF THE INVENTION Cross Reference to Rel ated Application \ e.
subject matter of this application is related to that of International
Publication No. WO 96/28814 for "A Method and Systemfor Witing a
Servo-Pattern’on a Storage Medium', the slbject matter of which is

i ncorporated herein by reference. It Is also related to Singapore Patent
Appl i cati on NopvPROVEHMTIERTS ONISESFSER VOWRITING TEVING FARTERN GENERATION
Applications Serial No. 08/ 349,028 and 08/405, 261 of filed on 2 Decenber
1994, and 16 March 1995 respectlvely and the subject matter of that -

Si ngapor e paBAGCKGROUNINOFSTHE INYENAIONCor porated herein by reference.
Field of the Inventlon The |nvent|on reI ates generally to hard disk drive
menory storage deV| ces for corr uters More particularly it relates to disk
dri ve appar afessReterense o lnsiater gﬂﬂlﬁﬁmﬂriti ng servotrack

The subject matter of thls application is related to that of International Publication No.

WO 96/28814 for "A Method and System for Writing a Servo-Pattern on a Storage Medium",
the subject matter of which is incbrp'orated herein by reference. It is also related to Singapore
Patent Apphcatmn No. 9501807-3 correspondmg to United States Patent Apphcatlons Serial
No. 08/349,028 and 08/405 261 of filed on 2 December 1994 and 16 March 1995 respectlvely
and the subject matter of that Smgapore patent appllcatlon is also incorporated herein by

reference.

The invention relates generally to hard disk drive memory storage devices for computers.
More particularly it relates to disk dri\le apparatus and to a method for writing servotrack
information therein. More speciﬁcally it relates to alleviating the need for a complex
mechanical and/br optical positioning system to establish servopatterns on the recording

surfaces of the recording media.



infoemation therein. Mre specifically it relates to alleviating the need
-+for a conplex nmechanical and/or optical positioning systemto establish
servppatterns on the recording surfaces of the recording nedia.

Background Art . As described in International
Pat ent Application, WO 94/11864, increaged | evels of storage
capacity in floppy and hard disk drives are - a direct result of the higher
track densities possjble with voice-coil and other types of servo
posi tioners aSak8IMNLATt he ability to read and wite nar r ower
tracks by using, for exanple, magnetoresistive (MR) head technol ogy.
Previ ousl vy, | ow track density disk drives were able to achieve

satisfactory ReaekchRRaiid infdMatenalPittht APPIEItoNEWO 94/11864, incresadilcseleq:fpmragmt or
nmechani sns. However, when track densities becone so great t hat

mechani cal er eapecityfin foppy 2ad herd disk dryss ar a e reshly pffheBiglen Ha‘ik§°%sftﬁﬁ P‘Pﬁs‘eﬁnt
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so that the position of can be determ ned fromthe
signal s it reagfower tracks by nsmg, for example, magnetoresistive (MR) head technology. Previously,

low track density disk drives were able to achieve satisfactory head positioning with leadscrew
and stepper motor mechamsms. However, when track densitics become so great that the
mechanical error of a leadscrcw-steppcr motor oombmauon is significant compared to
track-m—track spacing, an cmbedded servo is needed so that the position of the head can bc
detertmned from the signals _.;t_reads.

Conventional hard disk manufacnmng techniques include writing servouaéks on the media of
a head disk assembly (HDA) with a specialized servowriter instrument. Laser positioning
feedback is used in such instrum&nts to read the actial 'ph}fsical ?osition of a recording head
used to write the servotracks. Unfortunately, it is becoming more and more difficult for such
servowriters to invade the internal environment of a HDA for servowriting because the HDAs
themselves are exceedingly small and depend on their covers and castings to be in place for

- proper operation. Some HDAs are the size and thickness of a plastic credit card. At such levels

of microminiaturization, traditional servowriting methods are inadequate.

.Convenu'onal selrvo-pattems typically comprise short bursts of a constant frequency signal. very
precisely located offset from a data track’s center line, on either side. The bursts are written
in a sector header area, and can be used to find the center line of a track. Staying on center is
'l;cquircd during both reading and writing. Since there can be between seventeen to sixty, or

even more, sectors per track, that same number of servo data areas must be dispersed around



Conventional hard di sk manufacturing techni ques include witing servotracks
 on the nedia of a head di sk assenbly (HDA) with a specialized
seryow i-fer instrument Laser positioning feedback is used in such
instrunents to read the actual physicalsposition of a recording head
used to wite the servotracks. Unfortunately, it is becom ng nore and nore
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signal. very precisely located offset froma data track's center
line, on either side. The bursts are witten : In a sector header
area, and can be used to find the center line of a track. Staying on center
is Servguata et adaventigpalip whittandwdiedieptednektomal seivawritingi equipmetteand can be

betveen SV el bRk it i e oY SRp ORI S B il i (1
: vibration effects.. An auxiliary clock head is inserted onto the surface of the reqording disk and '
is used to write a reference timing pattern. An cxtemal__hcad/aﬁn_posiﬁo:;er with a very accurate
lead screw and a laser displacement measurement device for positional feedback is used to |
precisely determine transducer location and ns the basis for track placement and track-to-track
spacing. The servo writer requires a clean room environment, as the disk and heads will be

exposed to the environment to allow the access of the external head and actuator.

United States Patent No. 4,414,589 to Oliver et al. teaches servowriting wherein optimum track
spacing is determined by positioning one of the moving read/write heads at a first limit stop in
the range of travel of the positioning means. A first reference track is then written with the
moving head. A predetermined reduction numnber or percentage of amplitude reduction X%,
is then chosen that is empirically related to the desired average track density. The first reference
track is then read with the moving head. The moving head is then displaced away from the first
limit stop until the amplitude 6f the first reference track is reduced to X% of its original
amplitude. A second reference track is then written with the moving head and the moving head
is then displaced again in the same direction until the amplitude of the second reference track
is reduced to X% of its original value. The process is continued, writing successive reference
tracks and displacing the méving head by an amount sufficient to reduce the amplitude to X%

of its original value, until the disc is filled with reference tracks. The number of reference racks



3 a data track. These servo-data areas allow a head to follow a track
*center line around a disk, even when the track is out of round, as can
occur w t;h spindl e wobble, disk slip and/or thermal expansion. As

t echnol ogy advances to provide snmaller digk drives, and increased track
densities, the placenment of servo data nust al so be proportionately nore
accur ate. Servo-data are conventionally witten by dedicated, external
servowiting equipnment, and pically i e the use of .|l ar rani
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then witten V\\Aritteh] rrgagetlnen proceed to the servo writing steps.
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Unfortunately, Oliver et al. do not disciose how to generite a clock -tn_lck using the intemal
recording data heads, as this is achieved by an external clock head. Olivcr et al. also do not
teach how to determine the track spacing during propagation. This rcsﬁlts m the requirement
of writing an entire disk surface and counting the number of written tracks to determine the
track spacing. Further, Oliver et al. do not examine the vaniation in the plurality of h;:ads within
5 the disk drive to set the track pitch accordingly. Finally, Oiivcr et‘al. do not teach how to limit
the growth of errors during the radial propagation growfh. Random errors will grow as the
square root of the number of steps, which for a disk drive propagation is on the order of 10,000

steps resulting in a final error 100 times larger than the step to step error.

As also described in International Patent Application W0O94/11864, a method for writing a
servo-pattern with a disk drive’s own pair of transducers is described in United States Patent
4,912,576, issued March 27, 1990 to Janz. Three types of servo-patterns are used to generate
three-phase signals that provide a difference signal having a slope that is directly proportional
't.b velocity. Servo-patterns that are substantially wider radially than the nominal track-to-track

separation are possible. This helps improve readback amplitudes, and thus servo performance.



nmovi ng head. A predeternined reduction nunber or' percentage of anplitude
sreduction X% is then chosen that is enpirically related to the desired
aver,age track density. The first reference track is then read with the
novi ng head. The noving head is then displaced anay fromthe first |imt
stop until the anplitude of the first reference track is reduced to X% of
its original anplitude. A second reference track-is then witten with the

novi ng head a t he. novi nq hea is. then displ.aced aga inthe s
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reference tracks and displ aci n% t he noving head by an anpunt sufficient to
reduce the anmphanttiriead yolngs, wifbe fery RsForRyioh 4 voliaes maXigipp optaipple whadthe 5 £ | | ed
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4 so witteen 1s counfed and the process Is stopped when a second |limt
stop in the rafideeeciffsttrand sthgged patiems plosg & cantwiling pate inrpdédfordatomacker ed.
Knowi ng the nunber of tracks witten and the length of travel of -the
novi ng head, the average track density is checked to insure that it is

within a predeterm ned range of the desired average .track density. If the
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; and the procesge ik ﬁ%%l&gs ewo tra%éc?svcﬁl_r @9&1:& glﬂﬁ&s that share a common actuator.
To format an erased disk for data ixﬁtializafion, a first phase s;zwo is written on the servo side
at an outer edge. The transducers are then moved-in radially one half of 2 track, as indicated
by the first phase servotrack amplitude, and a first data-track is recorded on the data side. The
transducers are again moved-in radially one half of a track, this time as indicated by the first
data-track amplitnde, and a second phase servotrack is recorded on the servo side. The
transducers are again moved-in radially one half of a track, as indicated by the second phase
i servotrack amplitude, and a second data-track is recorded on the data side. The transducers are
# moved-in radially another bnc half of a track, as indicated by thc—second data-track amplitude,
and a third phase servotrack is recorded on the servo side. The transducers are moved-in
radially one half of a track, as indicated by the third phase servotrack amplitude, and a third
data-track is recorded on the data side. This bacic—and-forth progress is repeated until the cnt'ire
two surfuaces are written. If too few or too many tracks were thus written, the disk is reformatted .
once more, but with a slight adjustment to step inward slightly more or slightly less than
one-half a track width, as appropriate. Once the disk drive has been formatted with an entire
compliment of properly spaced scrvotracks, the data-tracks have served their purpose and are

erased in preparation for receiving user data.
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density is low, the disc is erased, the X% value is increased and the
process is repeated. If the average track density is within the

predet erni ned range of the desired average track density, the desired
reduction rate X% for a given average track density, has been determ ned
and the servo witer may then proceed td the servo writi ng steps.
Unfortunately, Oiver et al. do not disclose howto generate a clock track
using the int eﬁn@huna{e%%@%eﬂgd dal Al 29 9she cauhdliofe Lnfireddidli SE¥RE fi¥e@Brracks
external clock head. Iver et al. also do not teach howto determ ne the
track spaci ng ahdrequgepvohaagatvoddng i lindem.eSradktte-ragk bittsmnchregisinigatentot of
witing an entire disk surface ar oynting the n er.of . witten tracks to
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growt h of er r ofe¥olefion of the disk, and anedia ispRFicgeies Bhangrds\cPFipt ReiabRATIEER rors wi | |
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I nternational Patent Application W94/11864, a nmethod for witing a
servo-pattern with a disk drive's own pair of transducers is described in

United States Patent 4,912,576, issued March 27, 1990 to Janz. Three types

£

of servo- pat t BN Teghrical Disglosuss Bulletin. Mok 33 Ng: & LOqinbersi@90)iepsitierl SRegprerative Glockle a
difference si g&%‘lm{ﬂ%\f‘lopgcr\% 'ﬁjaacoefnic}&aguég&ts%g %klyg dt ra%&iék%@@nbly after the
covers -arc in place by means of the produ-ct head and without the use_of an external position
encoder disk. A single clock track is written at the 6uncr diameter and divided into alternate
A and B phases. The hcéd is than stebped inwards half a track at a time using each phase:
alternately as a source of cloék information from which servo information in the servo sectors
preceding each data field and further clock signals in the alternate phase can be written. The

half track steps ensure that the previously written clock information can be read. The technique

dispenses with a dedicated servo writer clock head and associated mechanisms.

International Patent Application No. W094/11864 teaches a hard disk drive comprising a
rotating disk with a recording surface, a u:ansduccr in communication with the surface and
servo-actuator means for radiélly sweeping the transducer over the surface, a variable gain read
amplifier connected to the transducer, an analog to digital converter (ADC) attached to the
variable gain amplifier, an erase frequency oscillator coupled to the transducer for DC erasing
of the disk surface, a memory for storing digital outputs appearing at the ADC, and a controller
for signaling the servo-actuator to move to such radial positions that result in transducer read

amplitudes that are a percentage of previous read amplitudes represent in the digital memory.



to yélocfty. Servo-patterns that are substantially wider radially than the
‘nom nal track-to-track . separation are possible. This hel ps inprove
readback ;anplitudes, and thus servo performance. '

5 Janz observes that the signal |evel from a transducer is a
measure ‘of its alignment with a particular pattern recorded on the
disk. If the flux gap sweeps only forty percent of a pattern, t hen

the read volt w |l .be fort ercent. . NE: ; L0 ahalLRakk e
when t he agigsyt"?hé%"sls utéce“?'eel"}séraasi‘sgﬁﬁéfa'g%a%%g\éggﬂ%ﬁt %he pattern. Janz
uses this pheng&enfimglatesd didad @lack tolding 3 regular s@juedch pfadockbhisiek halfidast pager ed
patterns along a centerline path intended fé)r data trac
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data initiali zadckdnostsaf fhemett tptia sk cleckeppaid patgm eficbogk bists Isahuseropisd.s e
at an outer ed The .tlgsans ycers-are, t.hen rmvgfgé i;ar?f

e. h ial f
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first data-tragfuchSwHi@CQnipAsts edck bifsts] aﬁ@wﬁmﬁa nexklhew sequence of clock bursts that

interlace with the previous track's clock ‘bursts.

Servo pattern writing in disk drives requires precise timing which is derived from the rotating -
disk storage mediu_'m to gate a pattern generator such as to create syn’f:hronism of the servo
pattern from track to track. Thls pre(:isé timil;g" is normally achieved by an external clock head
or shaft encoder. The servo pattern shown in Figure 1 includes a sector header followed by a
pattcx:n to provide radial position information. The sector is comprised of a Servo ID Field 4

f and Grey Ciodc Field 6 which require precise alignment track to track. Misalignment in these
patterns results in destructive interference of the magnetic iuattcr;l and reduces the amplitude
of the signal which leads to errors. Specifications on the alignment in modern disk drives is
approximately 25 nanosec (3 sigma) track to track for a disk rotation period of roughly 11
milliseconds or 2.3 ppm. This narrow time window therefore requires precise measurement of

the disk angular position over many revolutions of the disk. '

Any process used to generate a clock for the pattern generator by self-propagation using only

the disk drive data heads requires several thousand steps during the servowriting of the disk

surface. Since a single head cannot write and read simultaneously, self-propagation requires
':<'iividing a track on the disk into alternating sectors such that timing synchronization is obtained

in one sector just prior to writing the next sector as shown in Figure 2. After moving the head



transducers are again noved-in radially one half of a track, this tine as
‘indi cated by the first data-track anplitude, .and a second phase
servotrack is recorded on the servo side. The transducers are again
moved-in‘radially one half of a track, as indicated by the second phase
servotrack anplitude, and a second data-tfack is recorded on the data side.
The transducers are noved-in radially another one half of a track,

as indicated by the second data-track anplitude, and a third phase
servotrack is P aeBigbyaEne Rk aispy Rafiges (Tiase VRIEM S8 heere HmbeRe SE8ms n
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anplitude, and a third data-track is recorded on the data side. This

back- and- f or t B, pr-egb@ars ussl foregyachranizatontin fwritihgothe subseqeent TP's on the oty munbfrad es
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appropriate. Once the disk drive has been fornatted with an entire
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consunes one et Basqecmb'r sécusdué ectmdf disk maﬁmﬂtvebciig&hanges and electrical noise in the
- fcadback-#ignél used fér synchrogﬁzation. These exrors are replicated on the next step as the

written sectors change over to synchronizaﬁon sectors. A new and independent set of random
errors is a_ddéd herg: as wéil; Thus, the scif-propaéaﬁon process involves a replication and
sumihation of the random en'ors; in each step. Left uicomected, statistically such errors grow
as the root mean square of the number of steps. Since the process of synchronization and
writing is'causal, ie synéhronizatio_h occurs before wﬁting on:each step, the sequcncé of
random errors that determines the location of a given sector timing pattern can be traced backs
in a spiral path which is shown by the arrows labeled Path 1, Paihi and Path3. The paths run
in parallel and for adjacent radial locat_ioqs-at each sector are totally independent so the track
to track misalignment ends up as the difference between two independent random walks, giving
an additional factor of the square root of 2. Therefore after 10,000 steps the RMS track to track
error would be 141 times the base error. It should be noted that this process can work with
other than alternating patterns limited to two, for instance three patterns may be used for clock

propagation, but two is the presently contemplated preferred embodiment.

In a step prior to servowriting, timing or trigger patterns (TP) are placed on the disk. In terms
of the errors, an example, after 4 steps, the total error in the TP location in sector #5 servo

track#3 TP 26 equals the ermror from synchronizing off the TP 24 in sector #4 on servo track



‘and requires two heads working in tandem Track-to-track bit synchronismis
*al so not controlled, and seek tines to find data
bet ween tracks woul d thus be seriously and adversely

I npact ed. Transducer flying height variawi ons and spindle runout that occur
within a single revol ution of the disk, and nedia
I nconsi stenci es can_and do_corrupt radial position
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t he surface and
precise requirements for timing alignment in modern disk drives.

Inte:rnational Patent Application No. W094/11864 and IBM Technical ‘Disclosure
Bulletin, ‘Vol. 33, No. 5 (October 1990) do not teach how to propagate a clock pattern
without the growth of errors. International Publication No. WO 96/28814, which is
incorporated by reference, shows how errors in the pattern propagation process can be
detected and corrected to produce precise magnetic pattern alignment from track to track.
Errors written at each step are measured during a subsequent revolution of the disk and

" are accounted for and corrected. For example in Figure 2 prior to writing TP 26, the
interval between TP 24 and TP 42 is measured on an extra revolution of the disk and
stored as a time interval T45. The time interval T45 is used when the head is positioned
on servo track #3 and triggers on TP 24 to write TP 26 aligned to TP. 42. The extra
revolution of the disk breaks the casual chains denoted by Path 2 and Path 3, effectively .
locking together the normally independent random walk paths and preventing the growth:
of track to track misalignment. This process as described in International Patent

Application No. WO 96/28814 will be referred to as the "dual revolution clock

propagation process” within the following text.



serve-actuator means for radially sweeping the transducer over the surface,
‘a variable gain read -anplifier connected to the
transducer, an analog to digital converter (ADC) attached to the

vari able gain anplifier, an erase frequercy oscillator coupled to the
transducer for DC erasing ~of the disk surface, a

menory for storing digital outputs appeari t the, ADC, '
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initial clock track can be read in between witing clock bursts and the

read si gnadadivrieesddlayt cad be qlerminedopriorao teginningatherpropagation by Useatingsthe
reference for the witing of- clock bursts of the next track. A
chec te r boaheadpagaimst a stdp andwkiting rasset of evenapmberedyrigger patternss e gecording -
tracks are built increnentally by stepping off a half of a track from the
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sequence of _clock bursts ,t_gglt . , e e
trigger pattern at an initial delay setting D after each even numbered trigger pattern.” On
another revolution of the disk, the the time interval between each-even:numbtered. trigger
pattern and its following odd numbered trigger pattern is measured and recorded. The
average of these recorded values minus the initial delay setting D is the 'réad/write, delay
correction that must be subtracted from all computed delay settings in order to properly
compensate for the electronics delay. |
However, WO 96/28814 and the IBM Technical Disclosure Bulletin, Vol. 33, No.
5 (October 1990) did not teach how to achieve optimum track to track trigger pattern
alignment in the presence of systematic errors (constant for every sector) but which vary
as a function of radial position in the propagation process. In particular Patent

Application No. WO 96/28814 does not teach:

1) How to eliminate a varying systematic error when the recording head has spatially
separate read and write elements such as the case for magnetoresistive heads. This

results in a read to- write time delay which is radially dependent.



‘interlace with the previous track's clock bursts. Servo pattern witing
in disk drives requires precise timng which is derived fromthe rotating
di ski storiage nediumto gate a pattern generator such as to create
synchroni sm of the servo pattern fromtrack to track. This precise timng
is normal ly achieved by an external clock Hiead or shaft encoder. The servo
pattern shown in Figure 1 includes a sector header followed by a pattern
to provide radial position information. The sector is conprised of a Servo
ID Field 4 and2)GieywoCodeckheladi spherodic eequis © apradclegentahd gmimesdmenr &itikh t 0
track. .M sal i gnnent ianhes . _patterns results ipfdestructivp interference
of the magneti c¥PATYRFHCLRY 8 HL L M SR e ALt B i PHE SR gnal  whi ch

| eads to error s3) Rpesiclinfralei seis pABmirb@id|dugRPMmatileFIRAGS Rindiasdfcdlpdrves i s
approxi mately 25 nanosec (3 sigma) track to track for a disk rotation
period of roughieyoluipn clepk inflexcdenyrd Jorgr tho mgtonyisiye carpeniswayeformoy any pEhenponshsw
therefore requires precise neasurenent of the di sk angul ar position over
many revol utions of the disk: Any process used to generate a clock for
t he pattern gengmraadifun tRywo ©bhsgdd aRamatehddn Using only the disk drive data
heads requires several thousand steps during the servowiting of the disk
surface. Since a single head cannot wite and read sinultaneously,

sel f - propagat i iras. i Vidi i i .fernating
Sectors. sach 1 AP i Yool o ARE wBld Wenelid BRRBET M) Lot
prior to witi rxy Holvao frfptbveIRECtontrol S intdivatsrby iusing-a aew MetBod defified fofkis Prpbdac

. head - : .
b 3) How to achieve track to track alignment without incurring an additional revolution of the

disk.



8 to an initial starting track#0, trigger patterns (TP) are witten on
‘the even nunbered sectors. The head is displaced a fraction of a track to

~servo track #1 and the even nunbered sectors 2, 4, 6,.... 60 are used for
synchroni zation in witing the subsequent,,TP's on the odd nunbered sectors
1, 3, 5, ...59. The head is again displaced a fraction of the track to

‘servo track #2 and the roles are reversed, with the odd nunbered sectors

used for synchronization i n VEUMMARY'OF THESENVENTI®@Nen nunbered sectors.
This-process continues until the head is displaced across the recording

surface. Each tImaccerdaacd withitbe inventiemthere is peoviddsyia method fargeneratingrtiming
error called. the base error occurs due to both disk rotatlonal vel ocity
changes andpattesns farcself seniovwiting ofie rotatingdisk in 3diskadrieseamprising the steps of:
synchrom zation. These errors are replicated on tge nex&gssﬁfg as the

W :j tt endse;:%K@gc%afﬁ'&es‘?Sv‘éfr trigges BT 3¢ fuish teagk (of s vjuifhg a single
-1 ndependen '

" sel fppropagéefsv(i‘a’h’ﬁloﬂrqg@g@sﬂlﬁermrs &g"r"@ggﬁ fggergih Sl?rlrlnaa%k%glrlld E)rPa? ﬂf said
random ervohiy ﬁg%ﬁ%g%ﬁéﬁpmhsﬁt € B Lo ggﬁ&ldof saldlebonid Gty patisFi RIARE S0

grow as th re of e nu of steps. S ce the process of

synchroni zagdi@ @ det 8ff H—i goap ﬂaﬁeﬁ&uﬁﬁﬂlpuﬁngecorﬁééﬁﬁﬂrv@ﬂiei&blo@mp@ﬁﬁw forbgfidr e
witing on €ach step, the sequence of

location errors; writing trigger patterns on a subsequent track of said disk with locations

altered by said correction values, whereby errors in placement on said first track are not
propagated to said subsequent track. |

In accordance with another aspect of the invention there' is provided a method for
generating a timing pattern for self-servowriting on a rotating disk having a head
positioned for interaction with the disk, comprising the steps of: a. writing a first track
including N first trigger patterns spaced about said track; b. moving the head by a
distance corresponding to a fraction of the head width to a first servo track; c. detecting
each of said first trigger patterns and writing .a corresponding second trigger pattern on a
second servo track at a time interval A after detection of each of said first trigger
patterns, while measuring first time intervals T(n) between every two adjacent first
trigger patterns; d. computing a first set of times B(n) which are a function of the first
intervals T(n) and A; e. moving the head by a distance corresponding to a fraction of the
width of said head to a second servo track; f. writing a corresponding third set of trigger
patterns at times B(n) after detection of said second trigger patterns, and measuring time
intervals S(n) between every two adjacent second trigger patterns; g. computing times
C(n) which are a function of the intervals S(n), said first times B(n), and A; h. moving
the head by a fraction of its width to a third servo track; i. writing a corresponding
fourth set of trigger patterns at said times C(n) after detection of each of said third
trigger patterns, and measuring second time intervals T(n) between every two adjacent

third trigger patterns; j. computing a second set of times B(n) which are a function of the



randomerrors that deternmines the |location of a given sector ‘tining pattern
can be traced back in a spiral path which is shown by the arrows | abel ed
Paths 1, Path2 and Path3. The paths run in parallel and for adjacent radial
| ocations at each sector are totally indepgndent so the track to track

m sal i gnment ends up as the difference between two i ndependent random

wal ks, giving an additional factor of the square root of 2. Therefore

af ter 10, 00Gecndpisteivals R, sdidiciknes C(hy,anHd A;derfor waiingdubeqieht seivorsackhen
base error. It should be noted that this process can work with other than
al t er nat i ng spidtdisk, mepdating eandh ofstepsvs, thiough j natiladasiredpersiop f ther disk iveopvered
used for clock propagation, but two is the presently contenpl at ed
preferred eiBuseRemtracks. | n a step prior to servowiting, timing or trigger
patterns (TP) are placed on the disk. In terns of the errors, an exanple,
after 4 steps, the total error in the TP location in sector #5 servo
track#3 TP 26 equals the error fromsynchroni zing off the TP 24 in sector
#4 on servo track : 9 #2
plus that fromthe TP 22 in sector #3 on servo track #1 and that fromthe
TP 20 on sector #2 on servo track #0 whereas the error in the TP 42

| ocation in sector #5 servo track #1 equals the error from synchroni zing
off the TP 40 in sector #4 on servo track '



'#0. Ther ef or e, al though TP 26 and TP 42 are on adjacent tracks, their

errors origi nate fromtwo independent paths |abelled Path2 and Path3 which
will:cause a track to track msalignnent. Ther e.exi sts several
proposed techni ques to replace the clock hg{pd with a self propagated cl ock
using only the disk drive head. Unfortunately, those proposed processes do
not teach how to achi eve the propagation without the uncontrolled growth

of errors fror@rgerf%g;&ih&ntorf%‘ég%mmg grow h of these errors has thus far
prevented the ~—comrerCl on of all proposed nethods for self

cl ock generation due to the precise.requirenments for timng alignnment in
nodern di sk drives. I nternational Patent Application No. W»4/11864
and | BM Technical Disclosure Bulletin, Vol. 33, No. 5 (Cctober 1990) do

not teach how;tiglm@p@g@t(ﬁskam@b\%q,&amgktseﬁapa%t hout the grow h of errors.
I nt ernati onal- Publication No. 96/ 28814, which is incorporated by

.reference, shdis2 shewehavwoindependenticasuplpathe pfipagern progzeaticnarzenerated ansagan be

detected and corrected to prodyce precise..magnetic tern alignnent from
track to trac I?.ﬁm"'ﬁ?e? ¥g“’Wﬁ'ﬁg{aé#%él"g%?fhadg'tug'g&ac?’%m%§€%}? 8 dur ng a

subsequent rery 3iklows tfeldchéhiciicis pattidn wite€ accounted for and corrected. For
exanple in Figure 2 prior to witing TP 26, the interval between TP 24 and

TP 42 i s neas tigd shows Baw sstve patteras, e (Writterwish a dysbreyqlufion pregess.st ored as a tine

Sarvo track et TRoL BRIt pinn o A Vil 4R B RS, O

ext ra Fig 6 shows how a non-parallel read/write head results in.an apparent shift of the trigger pattern

LH

when the head is moved off track center
Fig 7a shows non-parallel read and write elements resulting in pattern rotation.
Fig 75 shows a misaligned head mounting resulting in pattemn rotation.
Fig 8 shows the effect of systematic er:rors on pattern propagation.
; Fig 9 shows a process to rcmové systematic error and eliminate pattern rotation.
Fig 10 shows a method to remove the effects of spindle velocity jitter.
Fig-11 shows a method of clock propagation with reduced interval jitter.
Fig 12 shows a method of clock propagation without incurring an additional revolution of the
disk.
Fig 13 shows how servo pattemns are written with the single revolution clock propagation

process.



revol ution of the disk breaks the casual chains denoted by Path 2 and Path
>3, effectively |ocking together the nornmally independent random wal k pat hs
and; preventi-ng the growth of track to track msalignnent. This process as
described in International Patent Application No. WO 96/28814 will be
referred to as the "dual revolution clockl® propagation process” within the
follow ng text. 10

It is understo%mm:%bs&gugMlhpﬁcf@ngdrérg&g{mnp@ttern a specified tine after a
trigger one nust accoun presence of electronic delays in the
trigger and wite circuitry as is taught in the |IBM Technical Disclosure

. Bulletin, Vol. 33, No. 5 (Cctober 1990).  There the read/wite delay is

. neasured once &SBHFSPBVOMRHEROVERYIEWt correction. The read/wite del ay

. can be determned prior to beginning the propagation by |locating the head
-against a stop and witing a set of even nunbered trigger patterns. The

recording hea 9er 5.0 e _eve er.e o] atterns and
wites an odd Lﬁ’f‘ °{"r“TW§‘ ef? tsfw‘lzwnt.lc Paraglf ﬁlﬁwa{ﬁl"%gf%?f gﬁeﬁ”?ﬁﬁ D after
each even nunbegngsisddror eig@fonid BlokiBifbludiAp a rddid plopigaticR\eohttbliErD) a Gnidglpeopliatibn t he
the ti-ne interval between each even nunbered trigger pattern and its

foll owi ng odd eanirpller é@nd # pajigergepsatardy The SystpEpinigriases to the diskstorage devicgPevia

the read/write transducer 10 and the actuator 12 which oontrols the posmon of the rcad/wnte

transducer. Using only an electronic interface the self-servowrite apparatus can pattern the disk

with servo information.

A commonly used servo architecture known as “embedded servo® in which servo pauérn
information is present on all disk surfaces is typically used in disk 'd.rivcs.; “The dual revolution
clock propagation process described herein and in WO 96/28814 is

used to gate the servo pattern generator 6 to write servo patterns_onto all surfaces. The ability
to accomplish this with a minimum of revolutions is important in the case when the sewdwritcr
is external to the disk drive which is contemplated to be the preferred commercial

implementation of this invention.

In Figure 4 there is shown a process by which the trigger patterns are used to write servo
patterns on a first surface usi.ng a first recording head and other surfaces by switching to other
recording heads on other recording surfaces. The recording head is set to read mode and
triggers on TP#1 which begins gating a pattern generator to write servo pattern SP#0, then ihe
‘next recording head in the stack of a multiplatter disk drive is selected and a'second servo
' pattern SP#I is written on surface #1 and repeated to N surfaces. The number N is limited by

the time required to write each surface and switch the heads. At the end of the Nth surface the



aver &ge of these recorded values mnus the initial delay setting Dis the
‘read/wite delay correction that nust be subtracted fromall conputed

del gy settings in order to properly conpensate for the electronics del ay.
However, WO 96/28814 and the |BM Technical Disclosure Bulletin, Vol. 33,
No. 5 (Cctober 1990) did not teach how 6 achi eve optimumtrack to track
trigger pattern alignnment in the presence of systematic errors (constant

for every sectaqr), but which var as fynct.i on of radi al Liian in the
propagati on pr &@E?Stbﬁﬁ’f’“ﬁg‘fpt‘? E%Iﬁésf S‘ﬁ%fce%" HIRS 1 TR S S .rq_\if\f'}'Q BT
does not teach:makesldlear {HOMGYaRaR dfHigh3E FatBmy &Y Hdin@iod Yimé QNGRS othetduifades whrn t he
recordi ng head has spatially separate read and wite elenents such as the
case for magnetvsitesvgh sepe Haseresswitiiing singly rexqlytion of the disky BusFedusing SETYQRWRLE FiEne.
delay which is radially dependent. 2) How to renove the
varying systematic error due to a read elenent and wite el ement which

GEOMETRICAL EFFECTS RESULTING IN SYSTEMATIC ERRORS

All clock propagation processes require that systematic errors (which produce the same error
on each sector of a servo tracic)' are removed during the propagation process. Si:c-h errors
contribute to track misalignment and/or rotation of the pattern with resi:ect to a fixed frame.
As previously described the most obvious systematic error as described in IBM Technical
Disclosure Bulletin, Vol. 33, No. 5 (October 1990) is the clectronic delay in the read to write
circuitry. However, the prior art does not teach that varying systematic errors (which change
with radial position) due to geometric effects whiéh are parﬁcﬁla'r to a head and actuator design
are present, If these errors are not compensatéd they will reduce the track to track accuracy
of the piropagation process and can acéumulatc" to result in rotation of the pattern ::vith respect
to a fixed reference. This rotation is shown graphically in Figure 8 where each TP on a
subsequent servo track is displaced from the previous servo track due to a systematic error
causing both pattern rotation and a fixed tr_ack to track misalignment emror. In the case where
the pattern rotation matches the trajectory of the actuator during a seek, no shift in timing
relative to index related to the rotational orientation of the disk will be present. This is the
desired pattern rotation since it sim_piiﬁes the disk file servo during long seeks. Thus patterns
which are written in such a manner as to have no timing shift relative to an index related to the
rotational orientation of the disk will necessarily be of the desired type. Several examples of
_systcmatic errors are described below, but it should be understood that other similar effects can
" result from panicular'hea& and disk drive design. In general f.'or a given systematic error there

are three methods which can be used to remove these systematic errors -



are non-parallel resulting in an error in the nmeasurenent of the tine
interval. 3) Howto elimnate servo pattern rotation due to systematic
errers by using a once per revolution clock index derived formthe notor
drive current waveform or any other sensor. In addition the WD 96/ 28814
does not teach: 1) How to mnim ze tﬁe effect of velocity jitter wthout
decreasing the interval size. 2) How to inprove the control of intervals
by using a new net hod desi'%ned for this ggrpose,_ 3% How t o achi eve track
to track alignritMEasWeRAB Gt BF AT PR STP akIME FgH A1hich @ pedts? 69 RIE Bhe  di sk.
12 - correction term at each propghd¥i¥RYseém THE | NVENTI ON ~ I'n accordance
with the invention there is provided, a nethod for generating timng
patterns for s@)n-presesssowactionyy theferrar by ingeriahmeagdirerkenisdunngoths frophgation process
conprising the S of: i tin f.irst set _of trigger patterns on

first track of LMEREre o Ryt it e SEaeBr RE B BArad Seeetihci ng
a second set otisk Bfiv@§ 6 sififkk b&igns on a second track of said

RADIAL DEPENDENT TIME DELAY FOR INDEPENDENT READIWRITE SENSORS

The dual revolution timing pattern process described in WO 96/28814 must be
modified when the recording transducer has write and read elements which

are separate as shown in Figure 5. In this case a time delay or advance (relative to the case
where the write and read elements are not separate) is required to write a second trigger pattern
a specified physical distance after a readback trigger pattern. This time delay is a function of
the disk linear velocity given by —‘g— where W is the separation between the read element 46
and the write gap 48 and V is the disk linear velocity. Further, in.the case where the head is
skewed relative to the track as for example would occur on a rotary actuator the “apparent”
separation W of the read and write transducers as projected along the recorded track is modified
by the cosine of the skew angle of the recording head and will also vary as a function of radius.

The time delay due to the separation effect is given by

W

DELAY separation = o @)a R

where O is the skew angle of the recording head, Q is the disk rotation speed and R is the radius

of the track.



di sk® and ‘determ ning randomerrors in |ocation of said second trigger
*patterns.relative to said first set of trigger patterns; conputing
corgection values to conpensate for said |ocation errors; witing trigger
patterns on a subsequent track of said disk with |ocations altered by said
correcti-on val ues, whereby errors in plgagenent on said first track are not
propagated to said subsequent track. I n accordance with anot her
aspect of the invention there is provided a nethod for generating a timng
pattern for s&hq reabiowgite sepiradgpnoW can pomeasiredyustic SRLY thepredyctalan dgad bYypwdingi oned
for interactio iLth the disk, .conprijsin ©.a. Lt first
track incl udf‘%\@& TRFCre Y ?’fjfgtgﬁgcgg t{%ror?ga si‘%a ugrg?%%%g{n asngiwém'glé gé%gmﬁ

movi ng t he hegfjgdt\pasern WP S2,andife T G4 1485 Sttdequent tneasaredéns of the acued titnh detveard
width to a first servo track; c. detegting each of said first tLj er
patterns and Heity? Figes patrmsds pBALP i Wach ptiPlisany 4ey Bt deenss iR Beond
servo track a i i I LaRasfwe heashiementt
trigger patt}e_ur«%%%dd%1639%%%?}6@38&%@?@%&@%?%valiig&?rt?%)dﬁ%et ween every
two adj acent #titwe knovin radjl) @ossibbt the innermost acoessibjedata trgckepr finnerstadige@Dpéndtthere s

B(n) which are a functiogn of- the first i vals T(n) and A e, wving the
head by a di sPUFEESEErFRYy §°{ %“‘ﬁr?dﬁlﬁg{)ﬁgﬂl%?mtwﬁfé‘}“fweh@%ge gsargla. head
to a second sginphtelthedefaration bi¥¥vkdnl thtkedt @ WrieRABAL. "The inithduftd S6th1 dethy isigigger '
patterns at tinmes B(n) after detection of said second trigger patterns, and
“nmeasuring tinky: intervals S(n) between every two adjacent- second trigger

‘patterns; g. conputing times C(n) which are a function of the interval s
S(n), said first tinmes B(n), and A, h. noving _ . '

w .

R/W Delayl =—-——cos { 91) o) Ry + D'elaye,,q,mk

| W
I RMD¢W=W+DM}'¢W?M¢

where this total delay referred to as the read to write delay, includes a delay due to the read to
write separation and an additional delay due to the electronics path in either or both the read
and write chain of the recording head.

The above relationships can be solved for W as given by

R/ Wl)elayl - Rf WDclay’.!
1 1
COS(@ 1 ) R[ COS((")z) R2

W=Qx

.Thc delay for each propagation step can then be computed and updated as the timing pattern

is propagated across the disk surface.



the fead by a fraction of its width to a third servo track; i. witing a
.corresponding fourth set of trigger patterns at said tines C(n) after
detecti o of - each of said third trigger. patterns, and neasuring second
time intervals T(n) between every two adjacent third trigger patterns; j.
conputing a second set of tinmes B(n) which are a function of the
13 second intervals T(n), said tines d%), and A, k. for witing
subsequent servo tracks on said disk, repeating each of steps e through |
“until a desir edepatiteyons ﬁn‘tcdtihemcdlioskg the read vewetel delyyl dah bsmeasared dainl She
14 Bri ef D%%o%;éa 1tor{ grgcecs);c antdhu%ed% %x\#rcrcl:gaar the variable delay. For the case of the dual

revolution timing pattern process a measurement of the delay and cormrection values is available

on each readback measurement revolution which will be described in the section "Process with

Systematic Error Removal” below.

In some cases it may be desirable to use the above method to find the absolute radial positioxi
of the head. For a given disk file the relationship between radial position of the head and the
skew angle may be a_scertaincd. Once the Scparatidn' between the read and write elements is
known, the electronic component of the delay may be defermined i)y solving the above equation -
for the read to write delay at a given known radius. The same ;:quaﬁop may now be solved to
determine absolute radial position by using the read to write delay measﬁred with the head at

any other location.
READ TO WRITE NON-PARALLELISM

An additional . systematic error occurs if the read element of a recording head is non-parallel
to the writing element. This is shown in Figure 6 where the written TP 64, TP 66, and TP 68
are non-parallel to the read element 62. TP 68 is written approximately one half off-track from
TP 64 and TP 66. When the read element 62 on track center 70 reads the trigger patterns, the
time interval measured bétween TP 64 and TP 66 is given by D1. The time interval measured
between TP 66 and TP 68 is equal to D2. The time interval D2 will be longer than DI due to
the fact that TP 68 is off track and it.§ angle results in a shift in the apparent ;:cntcr of the trigger
pattern. To further clarify this effect, when the read and write elements are pérallcl as shown
-by TP 72, TP 74 and TP 76 the measured intervals per the above description result in the two

measured intervals D1 and D2° which are equal. -



Figa illustrates a disk and a typical disk servo pattern. Fig 2 shows
*how i ndependent casual paths of pattern propagati on are generated and can
be ., eliminated by nmeasuring and by using an additional revolution of the
di sk. Fig 3 shows the electronic servo pattern witer. Fig 4 shows how
servo patterns are witten with a dual revol ution process. Fig 5 shows
how t he physi cal separation of read and wite elenents results in a tine
del ay. Fig 6 shows how a non-parallel raad/ wite head results in an
apparent shift of the trigger pattern when the head is noved off track
center Fig 7a shows non-parallel read and wite elenents resulting in
pattern rotat h@R.eror &h%emm%g@min%u{@ps@agaﬂ&ﬁ&o&e@& rRER4Ahd 6 sysesialid bRg 1 N
pattern rotation. Fig 8 shows the effect of systematic errors on pattern
propagati on. of Fitegval comprissd af potlo o baek tiigeeienatares vopusttease inkegvalsy Wity ong - track

elimnate pattern rqfatjon. i g.10, shows.a, .net hod to.renpve,the effects
of spindle v_elaﬁi?qcf?%ﬁcl‘ &ignal a"‘gf%mffhcs g"\ﬁis H?‘ﬁe"%‘éram%‘? ‘%‘1"%@’&“‘% ! tr(;aplé"é’gP i on
with reduced idioadt likdly HRND or OD) thed 2heShiiSSca bEBoWAE ®f cl ock propagation

wi t hout incurring an additional revolution of the disk. Fig 13 shows how

servo patterns are witten with the single revolution clock propagation
process. . S=DelayX QxR

With a measured value for S, the delay can be computed at any :édi_al_ step.

Alternatively, ;1s noted in method #2 this error can be measured during the ﬁmpa_gation process,
as a separate periodic measurement step. In particular in the case where the read érid wﬁte
elements have a more complex geometric misalignment rather than simply non-parallel, then
the delay may depend non-linearly on radial location. Correction: of the effect wbuid require

periodic measurement during the propagation process. i

An additional consequence of this geometric effect is to create a pattern spiral which is shown
in Figure 7A where the TP 82, TP 84 and TP 86 are aligned to minimize the track to track
misalignment of the pattern, but the result is a rotation of the pattern from Index 80 in the time
domain. As described above, this is not the desired pattern shape. It should be noted that any
non-parallelism between the read element and the written transition will cause this effect and
it need not be limited to a constant angle between the read and write elements. Spcciﬁc_:ally, a
bending or warping of the written transitions arising from edge effects in the write process will
produce this effect The desired pattern shape can be restored by using a once per revolution

index as described in the “Process With Systematic Error Removal” below. A unique feature
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15 . ~ Detdailed Description of the Preferred Enbodi nents

* SELF- SERVOMNRI TER OVERVI EW A system overview of the self servowite
.apparatus is-shown in Figure 3. The systemis conprised of electronic
bl ocks including a radi al propagation controller 2, a'tining propagation
controller 4 and a pattern generator 6. The system Interfaces to the disk
storage device 8 via the read/wite transducer 10 and the actuator 12
whi ch controls the position of the read/wite transducer. Using only an

el ectronic i nto&fisFEw tp it panracallplisenaiiestds U Pt ia bethd task fodFank f’f‘i‘é’g 8k

W|th servo inf QJLTBIdeQa”sp;ral e COMUONl y used servo architecture known as
"enmbedded servo" In which servo pattern i nformation is present on all
di sk surfaces is typically used in disk drives. The dual revolution

MISALIGNED HEAD MOUNTING

An additional geometric effect can occur if the recording head is _non-parallcl to the direction
of actuator motion. When the trigger patterns are aligned to rr_xinimiz'e the track to track error,
a pattern rotation will result. A simple example is shown in Figure 7B, in which a head is
non-parallel to -t_he motion of a linear actdat.br. When the trigger patterns TP 90, 92, 94 are .
aligned a pattern’ 'x_;otation occurs. Removing the pattern rotation shown'by.'I'P 90, 96 and 98
results in a track to track misalignment. A similar effect occurs when a head is misaligned on
a rotary actuator. Note that, unlike the read to write non-parallelism effect, misaiigned head
mounting proauccs -only a pattern spiral error. There is no track to track timing error from this

effect.
PROCESS WITH SYSTEMATIC ERROR REMOVAL

In the propagation process shown in Figure 2 the odd numbered sectors are used for
synchronization in writing the subsequent even numbered sectors and on the next step (after
moving the head a short distance radially), the roles are reversed, with the even numbered
sectors used for synchronization in writing the subsequent odd numbered sectors. Although the
growth of rundom errors is removed by the measurement feedback process, any systematic error
will result in a fixed track to track error and in a rotation of the entire servo pattern with respect
toa fixed reference frame. This is shown in Figure 8 where subsequent written TPs are

displaced a fixed distance from the previous servo track due to a systematic error.

-



clock propagation process described herein and in WO 96/28814 is used to
‘gate the servo pattern generator 6 to wite servo patterns onto al
surf-aces.» The ability to acconplish this with a m ninmumof revolutions is

inmportant in the case when the servowiter is external to the disk drive
which is contenplated to be the preferredy,gommerci al i npl enent ati on of
this invention. In Figure 4 there is shown a process by which the

trigger patterns are used to wite servo patterns on a first surface
. using a firstArflegohai hy which theandierpatip efrorgt remarsd s ypll saandoli HEprs B¢ HMEed

recording he aﬂ%h;’f)%ttg‘é g’%a %ﬁ&%ﬁ_;gﬁc@s ?‘é{h\tnﬁiﬁ %?gurc-gj' & Jegﬁ:Qr&ysc%?ti&eCQQhé pofl 10O

read node and egins gating a pattern generator to
‘Wite servo pafgtver bel@2#0, then the next recording head in the stack of a
multiplatter disk drive is selected and a second servo pattern SP#1 is
witten on surface #1 and repeated to N surfaces. The nunber Nis limted

by the tine sagUi0H§dHt ?m\sesk finfiaed by WiliRCscqtbecDMTPE thdl h@shRg &% defly t he
end of the Nth surface the -
16 head mushetvieen soad aurhwrite tap previeusly desdriberd and stodngnbe delayt dspevatiable Bael Thhe next

sector TP#2. ’Fl-hvlsh?ft Bie XS F&d/write parallelism is checked and measured and stored as Dg.

STEP 102) The read to write delay determined from STEP 1 is used to write the even numbered
TPs on the disk. The location of the first TP with respect to index is recorded and the index

correction is set to zero.
STEP 103) The head is moved a fraction of the track width.

STEP 104) The alternate numbered TPs are written. This is initially the odd TPs but will

alternate between even and odd on successive propagation steps.

STEPS 105) Every interval corresponding to the time between TP is measured.

At STEP 105A, the intervals are divided into two groups /ey and /ye. The /i correspond to a
time interval beginning with a full on-track TP and ending with an off-track TP. The [y
corresponds to & time interval beginning with an off-track TP and ending with an on-track TP.

Combined these account for all the intervals on the disk.

At Step 105B, the location of the first TP in the group written is recorded during the same

revolution of the disk. -



makes clear the advantage of trigger patterns as their short tine allows
*other surfaces to be witten wth servo patterns within a single

revol uti en of the disk, thus reducing servo wite tine. GEQVETRI CAL
EFFECTS RESULTI NG | N SYSTEMATI C ERRORS Al'l cl ock propagation processes
require that systematic errors (which produce the sane error on each
sector of a servo track) are renoved during the propagation process. Such
errors contribute to track misalignment a@d/or rotation of the pattern
with respect to a fixed frane. As previously described the nost obvious
systematic error as described in |IBM Technical Disclosure Bulletin, Vol.

33, No. 5 (Cctsobes 1069988 messuteh ert@bACire adkil & drbiay tHenintehielay eackcliapswr i t e

circuitry. However, the prior art does not teach that varying systenmatic

“errors (which change wth radial position) due to geonetric effects which

rare particul a@tgeEﬁlg@g&eWﬁdirgg%gg&& 8 e Read ¥ GritP HERLBlbe ubdd 1h BRSRxeER OF S

-are not conpensat ed uce the track to track accuracy of the
propagati on pregess and can accunulate to result in rotation of the pattern
with respect. to a fixed reference. This rotation is shown graphically in

. Figure 8 where each TP on a subsequent servo track is displaced fromthe

~previous serv At ?5‘@19 g%%u fhe kpg aft 1&?&%&& afgbrithth an SRR Untpuikd td Qintinate

_rotation and a

IXed track to track msalignnent error. In the case where
:the pattern r eieatidom gagith beeardrdin the sex€TR write. of t he actuator during a seek,

wno shift intimng relative to index related to the rotational orientation
_of the disk will be present. This i's the .

At STEP 106C, the location of the first TP to the index is used to Gompute a new index
correction to prevent the rotation of the pa'tt_er-n with rcspect to index. : It should be noted this
feature may be disébled for example to minimize track to track error by allowing the pattern
to rotate as in Figure 7" The index can be obtained from the‘current waveform in the DC
brushless motor typi_cal}y-used in disk drives or from any oth'er available once-per-revolution

signal. " . ) -

STEP 107) The outputs of each of the above described processes in STEPS 106A, 106B and

106C are used to compute the desired delay to write the alternate TPs at the next radial location.
STEP 108) The track count is checked to determine the end of the process.

The process then loops back to STEP 103.

.l_-" the above process in prgctice one may average the measurements of the systematic errors

on two or more subsequent steps prior to making corrections to the computed delay values for

each interval. ) -



desited pattern rotation since it sinplifies the disk file servo during _
'l ong” seeks. Thus patterns which are witten in such a nmanner as to have naq
timng shift relative to an index related to the rotational orientation of
the disk Will necessarily be of the desired t3fe. Several exanples of
systematic errors are described below, but it should be understood that
other simlar effects can result fromparticul ar head and di sk drive

design. 1n geneVELOCSFY ERFORFORFENANi ¢ error there are three methods

whi ch can be used to renbve these systematic errors
17 1) Measurenent of the error at one or nore known radii whi-ch are used
to conpute the Varagonsec the disk retion apeeé avlhcapse epag art tho propdgaon proc2ss destripgdocess

correction of the error by internal  npasur nts.during the propagation
process 3y ekt didieete AReichaan SRV ORI 10 g g oL ORI ofdbsns,
whi ch are used &g r(fg%ﬁi%na@-t:d the intbreK spafing) CierlforeSthif ki@ cafGeSthitl Bnized by rEEhA\-
DEPENDENT TI ME DELA OR | NDEPENDENT VWRI TE SENSORS

the interval size which corresponds to the time between any two cqnsccutivc odd (or any two
consecutive even) trigger patterns until this term is negligible. In certain cases the reduction

of the interval to reduce this error to a negligible level may not be practical.

In those cases where intervals can not be reduced wé disclose a2 new method in which the .
velocity of the disk is measured “on the fly". Errors in.the written TP location will occur when
the velocity of the di>;k is different during _the read and the write step -as in the dual revolution
timing pattern propagation of WO 96/28814. In this process the

nominal interval length corrcspondil_xg to the average of the interval times (either or both
rcac.iback and write interval timgis) for one cdmplctc rofation is used to estimate the d{sk average
or iiominal velocity. As shown in Figure 10, by mcasﬁring' the time interval between the TPs
during the write process, an estimate of the local disk velocity can be obtained by comparing
this interval with the nominal interval at the nominal velocity. As the rate of change of velocity
is limited by the disk inertia, a set of interval measurements immediately preceding the TP to
be written may be averaged to estimate the current disk velocity. For example when the head
is centered on servo wack #1, intervals T 114 and T 116 can be measured to estimate the local |

disk velocity prior to writing TP 118.



*The dual "revolution timng pattern process described in WO 96/28814 nust be
*nmodi fied when the recording transducer has wite and read el enents which
are.sepakate.as shown in Figure 5. In this case a tinme delay or advance
(relative to the case where the wite and read el enents are not separate)
Is required to wite a second trigger pattasn a specified physical

di stance after a readback trigger pattern. This tine delay is a function of
the disk linear velocity given by [err] where Wis the separation between
the read el enBIETHED FQRAMPIRO WHD INTERYAILBONRBOV is the disk |inear

.velocity. Further, in. the case where the head is skewed relative to the
track as for exanple would occur on a rotary actuator the "apparent™
separation Wof the read and wite transducers as projected along the
recorded tracKh¢ erevievely tliseleped mefhodiof WOSG2RE & erppoys WEMelkew angl e of the

recording heaanQﬁ?erﬂ%tk ldufx’rlgsrﬂc iﬂ@éc\é p?tﬁznﬁ%gﬂﬁ%gd OWhéﬁfan rcﬁ'glj ddurs in thﬁtcxtlerfPisdel ay
.due to the separation eftect 1S given by _
[err] unknown which of the two TPs defining the interval is erroneously posifionedWAslgespler r] i s
t he skew angl e of the.recording head, [err] is_the disk rotation speed and
‘Ris the r agi ')agnen 611?, rrteﬁxgg P?oatqggcg wpth correc&o_n vallles o?F (F is defined below) less than lr,) the
TP location errors propagate (in a decaying fashion) to neighboring locations. A demonstration
of this is diagrammed in the 'top half of Figure 11, On servo track #1 TP 150 is erroneously
shifted with respect to TP 132 resulting in an interval measurement T 145 less than the nomir_IaL
On the next step of the process the head is 'positioncd on servo track #2 and TP 134 is written
with an error to correct for the short interval T 145.. Subsequent writing' of servo tracks #3 and

#4 shows that the error propagates in a decaying fashion.

In the method for improved interval control information about the position of a particular TP
is extracted. Rather than specify.ing a particular interval from the previous TP as the desired
nominal position, the interval data from surrounding TPs are used to provide position
information. The interval between the TPs currently being evaluated and each TP within a

specified number of transitions is computed.

As an example of using the nearest neighbor comparison the location of TP 150 is evaluated
by measuring the interval T 135 and T 157. Similarly TP 132 is evaluated by measuring T 124
and T 146. In the case where T 124 and T 146 are not equal, and T 135 and T 157 are equal
then the location of TP 150 is in error and not that of TP 132. In actual practice this process
is extended beyond nearest neighbors and averaged for an appropriate specified number of

neighboring intervals to provide information on TP placement.



18 * “The read to wite separation Wcan be measured using only the product
data head by witing a TP 50, triggering on that trigger pattern on a
subsequent revolution and witing a second trigger pattern TP 52, atime T
54 | ater. Subsequent neasurenent of the actual tinme between the two
trigger patterns is equal to the time T 54 phgs any delay in the

el ectronics (which is fixed) and the delay due to the physical read to
wite separati%ﬂéwl,Repeathgﬁthis neasurenent at two known radii

possi bly the i RHEYHH&EVALIEION,TRUs BATFERY or i nner radius (1D) and the
out ernost accessible data track or outer radius (OD), with known skew angl e
can be used to conpute the separation between the read and wite el enents.

The measured t Ql:nﬂhg ﬂﬁ)lrrﬂéﬁoh n QE Yot of Q;X\'ally spaced L@E& Lattems (which consist of one or more

. written magnetic transitions)'at one radial position on a disk surface can be propagated over the
entire disk radius without incurring a growth in the track to track alignment of the timing
information. This procegs is further accomplished within a single revolution per servo track,
thereby adding no additional time to the process of servowriting the disk drive. The importancé

- of this advance is critical for cases where the self-generation process occurs external to the disk
drive and where additional rotations of the storage media directly impact the'nuniber of
@omim systems required. For example a timing pattém which required two rqvolixt_ions of .
the rotating storage media and one additional revolution to move the rgcording'ﬁead to tﬁe next
servo track location would require 50% more scrvov:rﬁtcrs than the method dcscriﬁod above.

This can represent a large capital cost, when the servowriter is external to the storage device, |

The process of self-propagation of a timing pattern is described in the steps below and is shown '
in Figure 12. In this example A is equal to one half the interval T, but in general A can be any

fraction of T.

1. A recording head is located on servo track location #) and writes a series of even number
trigger patterns corresponding to every other sector on the disk surface, with a nominal interval
size T.

2. The recording head is servo-positioned to servo track location #1.

3. The recording head triggers on each of the N even numbered trigger patterns and writes an

odd number trigger pattern at a time A following each even numbered trigger pattern. During



wher& this total delay referred to as the read to wite delay, includes a

delay due to the read to wite separation and an additional delay due to
the .electroniics path in either or both the read and wite chain of the

recordi ng head. The above relationships can be solved for Was given by
[err] The del ay for each propagation steg can then be conputed and
updated as the timng pattern is propagat #i across the disk surface.
19 Alternatively, as noted in nethod #2 the read to wite delay can be

measur ed dur i nigis e se@mmsalyatmedmcmldmm @A e stikc¢noe\co nuratstedfiageet brgterns

vari abl e del ay,. For Tevgl

J t
‘a measur enent fm?sﬁregaeqr geﬂd e"cefmgrﬁ'c’r\’/'éfues"alhgnré\)aw'i'eg%i'g&st&%'r“nl B 0653

= TN

N.

4.The intervals B(n), are computed from the stored time intervals and the interval A given by
' B(n) = F*{T(n)- A} + {1-F}*A.

.

5.The recording head is servo-positioned to the next servo track location.

'6.The recording head triggers on each of the N odd numf)ered trigger patterns and writes an
even numbcr trigger pattern at a time B(n) after each of the even numbered trigger pattem
During thxs write sequence the time interval between every two adjacent even numbered tngger

. pattern is measured and recorded in a computer memory as the values S(n).

7.The intervals C(n), are computed from the stored time intervals and the intervals B(n) given

by C(n) = F*{S(n)- B(n-1)}+{1-F}*A.
8.The recording headis scrvo-positioncd to the next servo track location.

9.The recording head triggers on each of the N even numbered trigger pattérns and writes an
odd number trigger pattern at a time C(n) after each of the even numbered trigger pattern.
During this write sequence the time interval between every two adjacent even numbered trigger

patterns is measured and recorded in a computer memory as the values T(n).

10.The intervals B(n), are computed from the stored time intervals and the intervals C(n) given

by B(n) = F*{T(n)- C(n)} + {1-F}*A.



on.each readback neasurenent revolution which will be described in the
‘section "Process with Systematic Error Renoval" bel ow. In sone cases it
may. be desirable to use the above nmethod to find the absol ute radi al
position of the head. For a given disk file the relationship between

radi al position of the head and the skew angle may be ascertai ned. Once
the separation between the read and wite elenents is known, the

el ectroni c conponent of the delay may be 2feterm ned by solving the above
equation for the read to wite delay at a given known radius. The sane
equation may now be solved to determ ne absolute radial position by using
the read to wrt ?roEk%Ji &Y prodessSsp ads WMdtrEpehdt@pH PR 0akhtil R BALRIIIR suiRe 3 QA

READ TO WRI TE NON- PARALLELI SM An addi t| onal systematic error occurs if
the read el enewith aidck anfergatiendi ng head is non-parallel to the witing
element. This is shown in Figure 6 where the witten TP 64, TP 66, and TP
68 are non-parallel to the read elenent 62. TP 68 is witten approxi mately
one hal f of f - tF R &kuinbé RomlPtobwhitiregiesetihe Wighting Buetor 65adl tocdofrtia tackOid uack t r ack
center 70 reads the trigger patterns, the time interval neasured, between
TP 64 and TP @wsaliguggnt Ear expmple whhE = thestrick to.ragk misaligaaigst sgror 1 arinigized pBt 66

and TP 68 is mLol&tQ m%al IJE]PdeiaEE%an&x@ Fl?{xf'ﬁhal leuwﬂen Pioltﬂ:r\'grﬁﬁnai RedvaPldue

to
’ is maintained but track to track errors will grow unbounded.

Itis undersiood that in addition to the above process to t;move random error growth, one must
measure and correct for all systematic delays due to both electronic and 'geofnctric effects as
described earlier. In addition the methods previously described of "Improved Algorithm for
Interval Control" can similarly be applied to this proéess.

. i i
The propagation of servo patterns using this clock propagation process is shown in Figure 13.
The recording head is set to read mode and triggers on TP O which begins gating a pattern
generator to write servo pattemn #0, then the next recording head in the stack is selected and a
second servo pattern #1 is written on surface #1 and repeated to N surfaces. The number N is
limited by the time required to write each surface and the head switch time. At the end of the
Nth surface the head must be switched to the first surface #0 .in time to write the next sector

TP 1.



the fact that TP 68 is off track and its angle results in a shift in the
apparent center of the trigger pattern. To further etarifythrs—effect,

when the»>read and wite elenents are parallel as sho 4 " and
TP 76 the neasured intervals per the 'abov%qadescri pti g}:l“lmuiﬁ)“im“limlil\/\o
measured intervals D1 and D2 which are eqUal . = ¢ L M S *

20 This error can be renoved during the propagati on process by neasuring
the systematic error of intervals conprigegm§ both on-track trigger
patterns versus those intervals with one on-track and one off-track signal
and storing 1t he Avalethed fof géderatingahning arerhs for spi sérvowritingbf a rétatngdisk adlaus
(nost likely the ID or OD) then the shift S can be shown to be.

S=Del ayx|[ er diskRirive\sondprisingethe stepsiofzal ue for S, the delay can be conputed at

any radial step. . . i L
writing a first set of trigger patterns on a first track of said disk;

during a single revolution of said disk, placing a second set of trigger patterns on a
second track of said disk and determining random errors in location of said second
trigger patterns relative to said first set of trigger patterns;

computing correction values to compensate for said location en'o;s;'

writing trigger patterns on a subsequent track of said disk with locations altered by
said correction valueé, whereby errors in placement on jsaid first frack are not propagated
to said subsequent track. .

2. A method for generating a timing pattern for self-servowriting on a rotating disk

baving a head positioned f:or interaction with the disk, comprising the steps of:

a.  writing a first track including N first trigger patterns spaced about said track;

b. moving the head by a distance corresponding to a fraction of the head width to a
| first servo track;

c. detecting each of said first trigger patterns and writing a corresponding second

trigger pattern on a second servo track at a time interval A after detection of each of said

first trigger patterns, while measuring first time intervals T(n) between every two

adjacent first trigger patterns;

d. computing a first set of times B(n) which are a function of the first intervals T(n)

and A; _

e. moving the head 'by a distance corresponding to a fraction of the width of said head

to a second servo track;

f.  writing a corresponding third set of trigger patterns at times B(n) after detection of

said second ftrigger patterns, and measuring time intervals S(n) between every two

adjacent second trigger patterns;



Al tefnatively, as noted in method #2 this error

: ing the
propagation process, as a separate periodic neas '
parti cular in the case where the read and wite qmg&m]i Eﬂ,ﬁ”‘tre
conpl ex geonetric msalignnment rather tha si mply t he

del ay may depend non-linearly on radial Iocatl on. Correction of the effect
woul d require periodic neasurenent during the propagati on process. An
addi tional gonseaqmpugey tifnes 0(3) Whivkeire £ figicfier of itk intered1€8(19), Jaidafitse titnes
spiral which is shown in Figure 7A where the TP 82, TP 84 and TP 86 are
aligned to MB(n),mndAt he track to track msallgnrrent of the pattern, but
the result is a rotation of the pattern fromlIndex 80 in the tinme domain.
As descri bed- abaaving thedread by gtfractien b s width ta thirdsesvmseck; 1t shoul d be

noted that any nop-parallelismb en the read el enent anpd the tten
transiton i1 1 A e OB Set, Oy o FRTES (3t ARG B8 G R an

varping o eREcty pEERe R Akl died e Pakys i Bra eeof eRE ey
process wilk, °“’%8%’§’nce péﬁéﬁgﬁu}%g d pattern shape can be

restored by using a éx as described in the "Process
Wth Systemyti c chinpifind % ¥B36AH seP6f fifles B(li)”dvﬂb'l? abeCA FiticBon of the second intervals

T(n), said times C(n), and A;

k.  for writing subsequent servo tracks on said dlsk repeatmg each of steps e through j

until a desired portion of the disk i is covered with servo tracks.



21~~ of this read to wite non-parallelismeffect is that it results in
*both a track to track timng errgr and a pattern spiral error.

M SALGNED HEAD MOUNTI NG An additional geonetric effect can occur if the
recording head is non-parallel to the direction of actuator notion. Wen
the trigger patterns are aligned to mnimdize the track to track error, a
pattern rotation will result. A sinple exanple is shown in Figure 7B, in
which a head is non-parallel to the notion of a |inear actuator. \Wen the
trigger patterns TP 90, 92, 94 are aligned a pattern rotation occurs.
Renovi ng the pattern rotation shown by TP 90, 96 and 98 results in a track
to track m s AMBRAVRMENTSIN 13 E SERVQWBEENG TRMENGPAERERNGRRERATION on
a rotary actuator. Note that, unlike the read to wite non-parallelism
effect, msaligned head nounting produces only a pattern spiral error.
There is n otrack timng error fromthis effect. PROCESS W TH
SYSTEN%TIC&ESEE%KHENDMAL . _

The present invention discloses improved placement of timing patterns in self servo writing
which includes cdr_recting for random and systematic errors due to geometric effects. In a disk
drive (8) having a recording head (10) with separaté r_ead (46) and write elements (48), the
separation between the elements (46, 48) can be detgrmined and such errors corrected as a
function of skew angle between the head (10) and the disk. Errors resulting from
misalignment and non-parallelism of the elements (46, 48) as well as misalignment of the head :
- (10) on it its actuator (12) are also detected and corrected. Errors due to changes in rotational ;
i , velocity of the disk and misplacement of timing i)attems with respect to adjacent timing
patterns are detected and corrected In general a single revolution process can be used to both

write and detect random errors on each track and corrected on subsequent tracks.

Figs. 3.



P a

an t*he propagati on process shown in Figure 2 the odd nunbered sectors are
used for synchronization in witing the subsequent even nunbered sectors
‘and‘on the next step (after noving the head a short distance radially),
the roles are reversed, with the even nunbered sectors used for

synchroni zation in witing the subsequgpisodd nunbered sectors. Al though
the growh of randomerrors is renoved by the neasurenent feedback
process, any systematic error wll result in a fixed track to track error
and in a rotation of the entire servo pattern with respect to a fixed
reference frame. This is shown in Fi rﬁ(g wqgre subsequent witten TPs are
di spl aced a fixed distance fromthe S?e us Iservo track due to a
" systematic error.

22 A flow chart by which the systenatlc error is renoved as wel |l as random
-errors are renoved in the patterp.n $process i s shown in Figure

9. A detailed description of LAE s . STEP 100 ) The
process in initiated by wi §, Measuring the del ay
"between read and wite as i b |

variable Dl err]. The

;ID Grey Code A B
4 6/- et e
| 7 T [ 4
TR /’ - ] |
ACK #1 é Ei___ r S .E
AL
TRACK #2 é TTTT T-“'-i
1111

Iadad el TP A S



TP shift due to read/wite parallelismis checked and neasured and stored

cas Derr]. STEP 102) The read to wite delay determned fromSTEP I is
‘usedl to wite the even nunbered TPs on the disk. The | ocation of the first

TP with respect to index is recorded and,the index correction is set to

zero. STEP 103) The -head is noved a 4tion of the track width. STEP
104) The alternate nunbered TPs are witten. This is initially the odd TPs
but will alternate between even and odd on successive propagation steps.

STEPS 105) Every interval corresponding to the tine between TP i s nmeasured.
At STEP 105A, the intervals are-divided into two groups [err] and [err].
The [err] correspond to a tine interygl ginping with a full on-track TP
and ending with an off-track TP. The ?gdrzf.cggresponds to a tinme interval
begi nning with an off-track TP and ending with an on-track TP. Conbi ned

‘these account for all the intervals on the disk. At Step 105B, the

4
i

| ocation of the first TP in theNﬂ; witten is reCﬁrded during the sane

VE to star ing trac
Write half of the timing marks (2,4;6,..)
'—— Step out fraction of track |
Trigger on evens, write odds (1,3,5,..). -'
‘Step out fraction of track

! i

Trigger on odds, write evens
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"revol ution of the disk.

23 . STEPS 106) The neasured intervals are used to calculate the tine
del ay corrections. At STEP 106A, the I[err] are used to determ ne the
read to wite delay to be used in the-next TP wite. At STEP 106B, the
I[err] are input to the clock algorithln corrections are conputed to
elimnate the randomgrowh of errors in the next TP wite. At STEP
106C, the location of the first TP to the index is used to conpute a new

i ndex corfectTomto prevent—tirerotatromof—tie pattern with respect to
I ndex.- 1t shoul d_be-noted this feature nmay be Hisabled for exanple to
mnimze tfack to track error by al'owkpg The ppttern
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106C are
In the

STEP 107) The out puts

"to rotate as in Figure 7. The index can be obtained fromthe current
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"Variations in the disk rotation speed will cause errors in the propagation
process descri bed above. In the Patent Application Serial No. 08/028, 044
it was taught that the nmagnitude of this error is proportional to the
i nterval spacing. Therefore this error can be mnimzed by reducing the
i nterval size which corresponds to th&/ibne between any two consecutive odd
(or any two consecutive even) trigger patterns until this termis
negligible. In certain cases the reduction of the interval to reduce this
error to a negligible Ievel may not be practical. In those cases where
interval s can not be reduced we disclose a new nethod in whieh the
velocity of the disk is neasured "on the fly". Errors in the witten TP
| ocation will occur when _the velogcity of the disk is different during the
read and the wite step asn the dfl revoldjon tining pattern
propagati on of WD 96/ 2881 éérocessé/nM nom nal .interval |ength

corresponding to the avera '%%nterswx 21 nes (eithg: or bgih
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- For'r1=nplcﬂwgpgjthe head is
4 Ve T%J&gn be neasured to

to estimate the current
centered on servo track #1
estimate the | ocal '

readback and write interv 7 ne ¢Ampl et e rot ath ' dt

( _ Z 7 @Q‘t§§%se o]
estimate the di sk average / 7 elo@1y. As shown kg Bgire 10, by
neasuring the tine i Berv BNV he TPs during the teey PT ocess, an
estinategof t he IocaFiaiské%; 9Ci ?éan be éé ainedgby C aﬁfhsi this
interval with the nofng ”ég“— al A the ngAnal velocity. As The rate of
change of velocity 's§§$%? e diskl hertiagmzset of interval .
measur enent s i nmedi at eRy 2% edi ng ;ée TP t lxaﬁyﬁiﬁ§n may be averaged
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rdisk_velocity prior to witing TP 118.

- 25 METHOD FOR | MPROVED | NTERVAL CONTROL The previously discl osed
met hod of WD 96/ 28814 enpl oys interval = neasurenents during the trigger
pattern propagation. When an error occurs in an interval it is unknown

“which of the two TPs defining the int&Afl is erroneously positioned. As a
result, when the nethod propagates with correction values of F (F is
defined below) less than 1, the TP | ocation errors propagate (in a
decayi ng fashion) to nei ghboring IanTcyuL denonstration of this is
di agrammed in the top half of Figure 11; servo track #1 TP 150 is
erroneously shifted with respect to #A\132 resulting in an interval
measur emend T 145 | ess than the nom nal . On the next step of The pyocess
the head is positioned on servo track #2 and TP 134 is witten with an

“error to correct for the short interval T 145. Subsequent witing of servo
tracks #3 and #4 shows th thefeLer_qropagates in a decaying fashion
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"In the nethod for inproved interval control information about the position
of .a particular TP is extracted. Rather than specifying a particul ar
interval *fromthe previous TP as the desired nom nal position, the
interval data from surrounding TPs are giad to provide position
informati on. The interval between the % S currently being eval uated and
each TP within a speci fied nunber of transitions is conputed. As an
exanpl e of using the nearest nei ghbor conparison the |ocation of TP 150 is
eval uat ed by neasuring the interval T 135 and T 157. Simlarly TP 132 is
eval uated-by neasuring T 124 and T 146. In the case where T 124 and T 146
are not equal, and T 135 and T 157 g qual then the location of TP 150
is in error and not that of TP 132.Fﬁﬁ IUGB practice this process is
ext ended beyond nearest nei ghbors and averaged for an appropriate specified
nunber of neighboring intervals to provide information on TP pl acenent.
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’Tining information in the formof equally spaced trigger patterns (which
consist of one or nore witten magnetic transitions) at one radi al
.posittion“on a disk surface can be propagated over the entire disk radius
wi thout incurring a growth in the track to track alignnent of the timng
information. This process is further a€onplished within a single

revol ution per servo track, thereby adding no additional tine to the
process of servowiting the disk drive. The inportance of this advance is
critical for cases where the self-generation process occurs external to the
~disk drive and where additional rotayrggesofarpédstorage media directly -
i npact the nunber of servowiter syste equi . For exanple a timng
pattern which required two revolutions of the rotating storage nedia and
one addi tﬁonBadna]/oDilte'@itiotm nmove the recording head to the next servo
track | ocdtion would require 50% nore servommitei;%?han t he net hod

~descri bed Jabove. This can represent a |arge capi cost, when e
servow it ek—is—external to the storage deyice e process_ of

sel f-propdgation of a timng pattern isgfescrib€d in e ste bel o nd is
shown in{Eigure 12 In this exanple A € halfAhe inggfval T,

but in gerferal A can be any fractigy
| ocat ed onservo track location #0
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‘size T. 2. The recording head is servo-positioned to servo track

| ocati on #1. 3." The recording head triggers on each of the N even
nunbered*tri gger patterns and wites an odd nunber trigger pattern at a
time A follow ng each even nunbered trigqer pattern. During

27 this wite sequence the tine inter?4lSbetween every two adjacent even
nunbered trigger patterns 1is neasured and recorded in a conputer nenory as
the values T(n), where n runs from1l to N 4. The intervals B(n), are
conputed fromthe stored tine intervals and the interval A given by B(n)
F*{T(n)- A + (1-F}*A '
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5. The recording head is servo-positioned to the next servo track |ocation.
6. The recording head triggers on each of the N odd nunbered trigger
patterns*and wites an even nunber trigger pattern at a time B(n) after
each of the even nunbered trigger pattggpms During this wite sequence the
time interval between every two adjacent even nunbered trigger pattern is

nmeasured and recorded in a conputer nenory as the values S(n). 7. The
intervals C(n), are conputed fromthe stored tinme intervals and the
intervals B(n) given by C(n) = F*{S(n)-B(n-1)}+{1-F}*A 8. The recordlng
head is servo-positioned to the next iﬁkrgi k | ocation. 9. The -
recordi ng head triggers on each of th en”nunbered trigger patterns and

wites .an odd nunbgr—trigger—pattera—at—a—ti-e—Cn) after each of the even
nunbered trigger patftern. Jﬁhﬂsulgetﬁead\;mmeesg@ &€ gt 1 me i[nt erg@

bet ween every two adj ggen eve nu red giog ger atterns i s ngasTr and
recorded in a corrpute vHe nt@)arallehsmnensuervm s B(n),
are Con'put ed fromt H-e—s-t_e.p.e.d_t_'_%J pterval s and the interval s n) g| ven

by B(n) = F*{T(n)- C(n)) + 11-F}*A

Write Even Trigger Patterns on ST #O
. Set Index Correctlon Ie=0

!

/102

f“_, Move Head_ fraction of track width _— 103
' Write Alternate Trigger Patterns — 104
_i [ | |
! |
1054 Measure and Store Measure Time 1058
™S each Intervals : from T
Iyr and Ipg TP to Index

x T

v K
IHF.Intervals Compute | |Ipy Intervals Compute
Read /Write Delay | [Clock Algorithm Delay
— — > .
106A ~©  106B 106¢

Y

Compute
Index Correction

y Y y
107 - Compute Delay Values for each Interval

i

< Check Track Count |—s Completed
1087




28 11. Proceed to process step # 5 and repeat steps #5-#10 until the
entire disk surface is filled wth clock information. F is a nunber
fromO'td 1 which represent the weighting factor used to correct track to
track msalignnent. For exanple when F =1, the track to track m salignnent
error is mnimzed, but the absolute ¥Ilérval will deviate fromthe

nom nal val ue. When F=0 the nom nal interval size 1is maintained but track
to track errors will grow unbounded. It is understood that in addition
to the above process to renove randomerror growh, one nmust neasure and
correct for all systematic delays due to both electronic aEd geonetric
effects as described earlier. In addition the nethods previously descri bed
of "Inproved Algorithmfor Interval Control"” can simlarlly be applied to

this process.
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"The propagation of servo patterns using this clock propagation process is
shown in Figure 13. The recording head is set to read node and triggers on
- TP 0 WHi &¢h begins gating a pattern generator to wite servo pattern #0,
then the next recording head in the stack is selected and a second servo
pattern #1 is witten on surface #1 ad¥4¥%eated to N surfaces. The nunber
Nis |limted by the tinme required to wite each surface and the head
switch time. At the end of the Nh surface the head nust be switched to
the first surface #() intime to wite the next sector TP 1.

CLAI MS 1. A nmet hod fqr, generating timng patterns for self servowiting
of a rotating di sk a= Hrsk—r™"8 conpr iSHAg-TessTE prewedtwr———weid | 79
a first set of trigger patterns on a first track of said disk; durThg
a single revolution of said disk, placing a second set of trigger patterns
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"computing correction values to conpensate for said | ocation errors;
witing trigger patterns on a subsequent track of said disk wth |ocations
altered by said correction values, whereby errors in placenment on said
first track are not propagated to said subsequent track. 2. A et hod
for generating a timng pattern for sel¥3fervowiting on a rotating disk
havi ng a head positioned for interaction wth the disk, conprising the
steps of: a. witing a first track including N first trigger patterns
spaced about said track; b. novi ng the head by a distance correspondi ng
to a fraction of the head wwdth to a first servo track; c. det ecti ng
each of said first~idd gyer cpati-erlSgant W idd-Rg—acegr FesRardiig—secand - —
trigger pattern on a second servo track at a time intefval A after . -
detection of each of said first trigger patterns, while nmeasuring first

time intervals T(n) betyeen every two adjacent first_trigger patterns; d.
conputing a fi r?@eﬁ ti m@vﬁ Mtfmn of CERET TSy &

intervals T(n) and A, e. -noving the head by a distance corresponding to
a fraction of the width of said head to a second servo track; f.

Witing a correspogsivi@s t hit=—setwal & i 99&%%&5&5&%5 .
detection of said second trigger patterns, and nmeasuring kkfe I nterval s
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‘adj acent second trigger patterns; g. conputing tinmes C(n) which
rare a function of the intervals S(n), said first times B(n), and A, h.
‘novi*ng *t he head by a fraction of its width to a third servo track; .
witing a corresponding fourth set of trigger patterns at said tinmes C(n)
after  detection of each of said thirdléfigger patterns, and neasuring
second tine intervals T(n) between every two adjacent third trigger
patterns; |. conputing a second set of times B(n) which are a function
‘of the second intervals T(n), said times C(n), and A; k. for witing
subsequent servo tracks on said-disk, repeating each of steps e through j

“until a-desired portion of ~servo tracks.
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