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I ncor por at edBA€ DF ] I of the Invention The invention
“rel ates generally to hard d| sk dr|ve menory storage devices for conputers.
More particularly it rel ates to disk drive apparatus and to a method for
writing servoIQShORIEIGASIO ARIALS Appleatign n.  Mor e specifically it relates to
alleviating the need for a corrpl ex mechani cal and/or optical positioning
systemto establish servopatterns on the recording surfaces of the

recor di ng mewhesubject matter of this 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 incorporated herein by reference. It is also rela.ted‘ to Singapore
Patent Application No. 9501807-3 corresponding to United States Patent Applications Serial
No. 08/349,028 and 08/405,261 of filed on 2 December 1994, and 16 March 1995 raspectively‘
and the subject matter of that Singapore patent application is also incorporated herein by '

reference.

Field of the Invention v :
The invention relates generally to hard disk drive memory storage devices for computers.
More particularly it relates to disk drive apparatus and to a method for writing servotrack
information therein. More specifically it relates to alleviating the need for a complex
mechanical and/or optical positioning system to establish servopatterns on the t‘ecording

surfaces of the recording media.



2 Background Art As described in International Patent Application, WO

£ 94/ 11864, increased |levels of storage capacity in floppy and hard di sk
drives are a direct result of the higher track densities possible with
voi ce-coil and other types of servo positioners as well as the ability to
read and wite narrower tracks by using?2 for exanple, nagnetoresistive (M)
head technol ogy. Previously, low track density disk drives were able to

achi eve satishggggﬁxjpead positioning with | eadscrew and stepper notor
mechani sns. HOWEver, —when track densities become so great that the

mechani cal error of a | eadscrew stepper notor-conbination is significant
conpared to track-to-track spaci ng, an enbedded servo is needed so that the

position of thedbedtdd damntebrtshal Pidit Agslicition W 98/1 Be@NAdrésddlieVeB 8 Storage
Conventional hard disk manufacturing techniques include witing servotracks
on the nedi a BPAYY fedeprypakhat dighdivgs rrmairechicstlt of the hisheratrarly dupsities nossiri ¢ er
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t he actual physical position of a recordi ng hea ' ,

narrower tracks by using, for example, magnetoresistive (MR) head technology. Previously,

low track density disk drives were able to achieve satisfactory head positioning with leadscrew

and stepper motor mechanisms. However, when track densities become so great that the

mechanical error of a lcadscreW—éteppcr_m@or oo_mbih_a_tidn is significant compared to

track-to-track spacing, an cmbedded servo :fs needed 'so that the position of the head can be

determined from the signals it reads,

Conventional hard disk manufacturing techniques include writing servotracks on the media of
a head disk asé‘cmbly (HDA) with a specialized servowriter instument. Laser positioning
feedback is used in such instruments to rcad_ the actial 'ph)fsical Position of é 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.

Conventional servo-patterns 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
if’ a sector header area, and can be used to find the center line of a track. Stdying on center is
-1."cquired during both rcadiné 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

[
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used to wite the servotracks. Unfortunately, it is becom ng nore and nore

-difficult for such servowiters to i nvade the internal environnent of a HDA

for servowiting because the HDAs t hensel ves are exceedingly small and
depend on their covers and castings to be in place for proper operation.
Some HDAs are the size and thickness of3a plastic credit card. At such

| evel s of mcromniaturization, traditional servowiting nethods are

i nadequat e. Conventional servo- patterns typically conprise short bursts of

a constant fretfeicl Ihgnsarvo-dagrapeapaliog shispdto) foliost erch penise ling sptnda ddkt a
track s cent ehel ook id diPbe SifdCas ch Gl Ui shindll Gotthd, bisellipldlo/Br SEEAOT -
header area, and can be used to |n the center Iine of a track. Staying on
center i s recprpangidn.das teplgpolvgy hdvaagiiorpgovaln dmalier dlbmxve&mecrcah@r@dsan be

bet ween seventeen ttg éi xtg%,,l r‘Fgr even m)r§ sect or.s %fzr track, that sane
nunber of serdB TS BpEEEN o STVOBRIPEhEPSE M RIFIREY MO XU a 1t r ack.
These servo-data areas allow a head to follow a track center |ine around a
di sk, even when the track is out of round, as can occur with spindle

wobbl e, di sk &Ho@aé@&hv&ﬁ&ﬁiﬁh@é%@ﬁdx&ﬁd &&nﬁﬁs@@@@x‘x&ghéﬂ}{&ﬂ(‘aﬁ& to

provi de smaller disk drives, and incieased track

typically involve the use of large granite blocks to support the disk drive and quiet outside
vibration effects.. An auxiliary clock head is inserted onto the surface of the recording disk and
is used to write a reference timing péttern. An external head/arm positior.ler with a very accurate
lead screw and a laser displacement measurement device for positional feedback is used to
precisely determine transducer location and is_ 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.’

i
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 number 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 moying head. The moving head is then displaced away from the first
limit stop until the amplitude of 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 unti] the amplitude of the second reference track
is reduced to X% of its original value. The process is continued, writing successive reference
't:i.'acks and displacing the mbving 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 tracks
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densities, the placenent of servo data nust al so be proportionately nore
accurate. Servo-data are conventionally witten by dedicated, external
servowiting equipnment, and typically involve the use of large granite

bl ocks to support the disk drive and qui et outside vibration effects. An
auxiliary clock head is inserted onto the surface of the recording disk and
Is used to wite a reference timng pattern. An external head/arm
positioner with a very accur te | ead screw and a | aser di spl acenent

Foasur enent | dRUTREY FOOR PRcET SaTRER L om0 P AL PE S Gererh ne
transducer | @gakipofiidkitg rhéand #§@nddadiced. fowing akuRber 6LRRIN widdd ahd aeKedgfly t r ack
spaci ng. The servo witer requires a clean room environnment, as the disk
and heads wi [of sl @e@éb‘b%’@ﬂ"& Beaglihe RAREY Biskaaasittinehatked iy inwes thetdels svitin 2 he
external head g ﬁﬁ%l 1.9 n 4 |ver et
al . teaches. g’er VoW lﬂ% %‘?g&hggavg&%‘r?ﬁaf 5%%% & thpaveégc &%5%? %# %?S 1

posi tioni ng drealiwfis érw rmeyxsegvarueaabmed ad Iﬁeépdiccs&is repeﬁu:d SIf tHcIal%rhchﬁ'&ﬁ | n t he
range of travel of the positioning neans. A first reference track is then
witten withdgmsiy ﬁd%ﬁbemfa'amﬁﬂpﬁg%&‘@}ummw%amq PFACeRUBRprater If the

- percentage of, esﬁn&%ﬁ &S lih e p Péafewanﬁ,e&éa@aom@&?&dtabaé el aciC sy, 6! | Y

related to th average track density. The ftirst reference track is
then read wi uﬁxmmm“mngm@raﬂimMemgckhbady ihgs tetradetedningd andalt servay from

the first limt stog‘untll 515 Iltude of the first reference track is
reduced to xJO5F MRy Zheg progeeddp ﬁ%}’) VHEE S5 second reference track i s then

witten with the noving head and the noving head

Unfortunately, Oliver et al. do not disclose how to generate a clock track using the internal
recbrding data heads, as this is achieved by an external clock head. Ovaer et al. also do not
teach how to determine the track spacing during propagation. This results in the requirement
of writing an entire disk surface and counting the number of written tracks to determine ti:1c

i track spacing. Further, Oliver et al. do not examine the variation in the plurality of heads within
the disk drive to set the track pitch accoi'dingly. Finally, Oiivcr ct_al. do not teach how to limit
the growth of errors during the radial propagation growth. 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 lnternatioﬁal Patent Application WO94/11864, 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.o- 'vclocity. Servo-patterns .t.hat are substantially wider radially than the nominal track-to-track

separation are possible. This helps improve readback amplitudes, and thus servo performance.
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i s sthen displaced again in the same direction until the anplitude of the
second reference track is reduced to X% of its original value. The process
is continued, witing successive reference tracks and di spl acing the noving
head by an anount sufficient to reduce the anplitude to X% of its original
value, until the disc is filled with reference tracks. The nunber of

reference tracks 4 so witten is counted and the process S stopped when
a Second l I m lIZSEtS)SQlVCSr[ dt e ra qevc?ffr ntlaa_'\{.gdu Orfl\t’ D’le 3 l'OSI ttl l" 1m ll \ l? a
encount ered. RAOW R SR T AERE T T T EFARG the's h of travel

of the novi ngpdaeas panna r&ibﬁkagﬁmtzlaaﬁklfd&ﬁ&b(tgyp bemshasleedy p@ccht‘kﬁur;ﬁnérhlat it
Is wthin a predeterm ned range of the desired average track density. If
the average teike frah¥oltage yill tﬁ’lf@h" PepqqRr ofj the voltage @ obipigblslipihg e | s

| over ed and t@ﬁs&queaﬁanedsdes&&ﬁ@; &fh mb hadeie Jﬁ“ﬁ%&c@%ﬁ PileAdkentieRSkrhddid Svo! OW,

the disc is erased, the X% value 1s increased and t%e process 1Is repeated.
| f the averagd mreaoffsemdstaggcrqd@amnsmmga bentepline ggb ertemiedcdr dagaigagkof t he
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 to t hlﬁ aspgfgr?edvl\al{-c:cus,n anzsrtcs%xases one side of a disk for servo and the other side for data.
The disk drive mcludcs two transducers on opposite surfaces that share a common actuator.
To format an erased disk for data mmahzauon, a first phase setvo is written on the servo side
at an outer edge. The transducers are then moved-in radially one half of a 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 am'plitudc, and a second data-track is recorded on the data side. The transducers are
moved-in radfally another one half of a track, as indicated by thcﬂsecond 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 back-and-forth progress is repeated uatil the cnt-ire
two surfuaces are written. If too few or too mauny 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 truck width, as appropriate. Once the disk drive has been formuatted with an entire
compliment of properly spaced servotracks, the data-tracks have served their purposc and are

erased in preparation for receiving user data.
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Unfertunately, Qiver et al. do not disclose howto generate a clock track
using the internal recording data heads, as this is achieved by an external
clock head. Aiver et al. also do not teach how to determ ne the track
spaci ng during propagation. This results in the requirenent of witing an
entire disk surface and counting the nunber of witten tracks to determ ne
the track spacing. Further, Oiver et al. do not examne the variation in
the plurality Dea L L8, i Ka Il M8t QS ELird 18 LG Ko Rl 6 ek
accordingly. H?%&P‘F@%%@%}ﬂgfc%‘g Dggd 'r’io%nsl&e]%%ﬂ how (F% slgl{lz?cn'g'tf "t‘\htevgtgrc }d‘wt h of
errors duri ngaddrequiradival hepdsopaigag in camdgm.oWadk-toRadkdbixrsyehiooss inklkd ngr ow as t he
square root of the nunmber of steps, which for a disk drive gro ation is
on the order GPUPEFdoHY seqkdsres fouling dapahyern wpcks woyld thysibg serngyy eadpeersely ger
than the st epingﬁct&l:. Chabbdef ﬂyi@h@%h@%ﬁd@q’i@ﬁdd@ﬁﬂdl& Ruinb Rt SRk ViR 2 Bagient
Appl i cation W94/11864, a nethod for witing a servo-pattern with a disk
drive's own pwvelutiph of therdisiiand meediadncdesiston¢i¢secdn and dojepruptiradiabpasisioPat ent
4,912,576, issued. Marc 7.-1990 to Janz. ree types of .servg;patterns are
SR s Haf dvonh mar B er B GEF e B ety BT

used to generat provi S1 gnal
having a sl opRethéifdtard ifadeifa®Tbd YerPigPREfointR| disk @rivel OCi ty. Servo-patterns

- that are substantially wider radially than the nomi nal ‘track-to-track
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separation are possible. This hel ps inprove readback anplitudes, and thus

servo perfornmance.
. " IBM Technical Disclosure Bulletin, Vol. 33, No. 5 (October 1990) entitled "Regenerative Clock

Technique For Servo Track Writers" suggests servo wiiting of a head/disk assembly after the
covers are 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 outer diameter and divided into alternate
A and B phases. The head is than stcbped inwards half a track at a time using each phase :
alternately as a source of clock 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. WO94/11864 teaches a hard disk drive comprising a
rotating disk with a recording surface, a transducer 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
:fbr 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.



5 Ja@nhz observes that the signal level froma transducer is a neasure of its
salignment with a particular pattern recorded on the disk. If the-flux gap
sweeps anly forty percent of a pattern, then the read voltage will be forty
percent of the voltage maxi num obt ai nabl e when the transducer is aligned
dead-center with the pattern. Janz uses this phenonenon to straddle two of
three offset and staggered patterns along a centerline path intended for
data tracks. referre 0Cess , rves di-sk 4f or
servo and the ot léJr?'mglls L{w(l“pga“ A, nif’ﬁ]ga?rg&k&g[r%} ve]mlu(r%gfi ?Te[gjg}t‘\%h?rnéﬁ%kucers
on opposite sutchacisg & hat clshamﬁkamcnﬂmmeoalertaa@tcmre.ofmochtmrsm&t11aa°maek smedl di sk
for data initiglization I rst phase Servo ?W t.ten t he servo side

at an outer edy¥*seFaLiat 'ihér‘fg'éf’u&lé?l% 3k 627 Bed TR A VA St Hn?%?cﬁkéfp By ABd 5172901 a
track, as indigad &hsBYioltRGudnty-Rik HRASRSEIIALS B6dasA Tlelchdd d6r thd Rty bff I St

data-track is recorded on the data side. The transducers are agai n noved-in
radi al |y one kigtk bussts of the spxktrackh Aschqupréovatpaitm ot eeck dutsty is thes drgatedt All

Servo &1 do. TR e Sl B ReaBl Ry Bn B3R of § B R pipe

track, as lndmei&&.ﬂdmiau c&rﬁ&xs&&ﬁ&ﬁ@u@@,&ﬁ@ wiig DRk Eriel sefibrice bflelock bufsts dats econd
dat a- track is recorded on the data side. The transducers are noved-in

~radial | y. anot HW‘“W“‘?‘FH‘FPWY}P"%“F‘F%‘E!‘P\* byestsi ndi cat ed by the second data-track
anpl it ude,

Servo pattern writing in disk drives requires precise timing which is derived from the rotating -
disk storage medium to gate a pattern generator such as to create synf:hronism of the servo
pattern from track to track. This precise timir;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
pattcr.n to provide radial position information. The sector is comprised of a Servo ID Field 4
and Grey Code Field 6 which require precise alignment track to track. Misalignment in, these
patterns results in destructive interference of the magnetic batter;: 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 therefo.rc rcduires 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
:Aividing 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



and<a third phase servotrack is recorded on the servo side. The transducers
sare noved-in radially one half of a track, as indicated by the third phase
servotrack anplitude, and a third data-track is recorded on the data side.
Thi s batck-and-forth progress is repeated until the entire two surfaces are
witten. If too few or too many tracks were thus witten, the disk is
reformatted once nore, but with a slight adjustnent to step inward slightly
more or slightly |less than one-half a track width, as appropriate. Once the
di sk drive had2besa! Yotittarack). wices PAYFTEATTRE Woitp Pt e RYCnSPMPFgherPy- spaced
servotracks, 1hbfe.da @shidcff K FadkBY Sr S E1K RISl AULPAR G mBLEd &et@§%9' in
preparation for receiVving user data. 6 Unfortunately, the netho

descri bed by 4J&ns 6bars used Soroayachemizatiog i wgtmgshe fubsegueditgFP'se rtheoddd aginberath d

“ requires two _head rKkj i andem.. Track-to-track bit synchropjsmis
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and spindle runout that occur within a single revolution of the disk, and

medi a i nconsPuement exencwmberedisegiorsc dhispercesp geitinties psit the jhead is displaced across
the recording surface. Each time a sector is written, a small but unavoidable timing error called.
the base error occurs due to both disk rotational velocity changes and electrical noise in the
readback signal used for syncﬁropizati_bn: .These exrors are replicated on the next step as the
written sectors change ovi_:i to synchronization sectofs. A new and independent set of random
errors fs addcd here as wel_l..- _'I;hus,lthe self-propaéation process involves a replication and
summation of the random errots' iﬁ each step. Left uncorrected, statistically such errors grow
.as the root mean square of the number of steps. Since the process of synchronization and
wfiting is causal, i.e. synchronization occurs before writing on:each step, the sequence of
random errors that determinés the location of a given sector timing pattern can be traced backs
in a spiral path iwhich is shown by the arrows labeled Path 1, Path2 and Path3. The paths run
in parallel and for adjacent radial locations 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 error from synchronizing off the TP 24 in sector #4 on servo track



determ nations that rely on a sinple reading of off-track read signal
sanplitudes. Prior art nethods are inadequate for very high performance disk
drives. |IBM Technical Disclosure Bulletin, Vol. 33, No. 5 (Cctober 1990)
entitled "Regenerative C ock Techni que For Servo Track Witers" suggests
servo witing of a head/disk assenbly after the covers are in place by
nmeans of the Product head and w thout the use of an external position
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witer cl Ofrbmhm&duﬁlapbmlsﬁmpatm BbelhsicPath? and PathB tvelricia tild RatseRatrack to track
Application No. W94/11864 teaches a hard disk drive conprising a rotating
di sk wi t h misaigamentng surface, a transducer in communication with the
surface and servo-actuator neans for radially sweeping the transducer over
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of errors from track to track. The growth of these errors has thus far prevented the
commercial application of all proposed methods for self clock generation due to the
precise requirements for timing alignment in modern disk drives.

International Patent Application No. WO94/11864 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
revd'l:ﬁtion 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.



for ssignaling the servo-actuator to nove to such radial positions that
sresult in transducer read anplitudes that are a percentage of previous read
anplitudes represent in the digital nenory. 7 Bit-synchroni sm between
cracks is maintained by witing an initital clock track with closure and
then witing a next clock track including a regular sequence of clock
bursts a hal f-track space offset such that the initial clock track can be
read in bet vveéh'-‘\/\h“?dceﬁﬁ%f"hﬂ‘%k‘ W88 & ta&%frﬂ’ﬂ%erf‘é‘a?l?e%‘ﬂ@?\&l“ei atef adgigger one
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off a half of a track from ast track witten, which conprises clock
bursts, anse wead/iviille AelEXlis MdasTed UniBe eanaf applie€ kas balrswinstaiith érrédiioa! | are Wi t h

. the previous track's clock bursts. Servo pattern witing in disk drives

requi res peatfvsite delayngnviel detennenetk prioet begimning) éher priopagatign dbys locatingy dge
mediumto gate a pattern generator such as to create synchroni smof the
servo pat theadagainsh & stap land gvritingck set T evelp permbered triggen gaiternso Thel legordinigi eved
by an exteregjll .cl ock head ) ]
bead triggers on each of the even numbered trigger patterns and writes an odd number
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 numbered trigger
pattern and its following odd numbered trigger pattern is megsured' and recorded. The
average of these recorded values minus the initial delay setting D is the read/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.



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 and G ey Code Field 6 which
require precise alignment track to track. Msalignnent”in these patterns
results in destructive interference of thélmagnetic pattern and reduces the
anplitude of the signal which leads to errors. Specifications on the
alignnent in nodern disk drives is approximately 25 nanosec (3 sigma) track
to track for a Hiipk ipotraive or vpeing eghotiir gughicyo 4 feaditibrhdns edowds clome:2 @ighpm
This narrow time w ndow therefore requires SE};r&(ranciis Jreasur ement of -the disk
angul ar positi of° RSP nans Has 81 A8 M PRE Sk ARG "W ¥tess used to
generate a cl ock Hooro biRinRakdrRy pAuge RRdtidh Bic 1O YyseRhdc--pb9PAYakd HBncdpeg onl'y

~ the disk drive data heads requires several thousand steps during the
servow iting ofrexosioniflagk iadexfdarived fomn teeamaior drivrgfugens aravrfosmon ety etparssenseind r ead
si mul t aneously, self-propagation requires dividing a track on the disk into
alternating sectors such that timng synchroni zation is obtained in one
sector just pria&ddiin\deWwo dg2dshedonast esect or as shown in Figure 2. After
novi ng the head to an initial starting track#0, trigger patterns (TP)
are witten on the even nunbered sectors.

1) How to minimize the effect of velocity jitter without decreasing the interval size.
2) How to improve the control of intervals by using a new method designed for this purpose.
3) How to achieve track to track alig_nm_cnt without incurting an additional revolution of th;:

disk.



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 synchronization in witing

t he subsequent TP's on the odd nunbered sectors 1, 3, 5, ...59. The head is
agai n displaced a fraction of the track Eg servo track #2 and the roles are
reversed, with the odd nunbered sectors ed for synchronization in witing
. the subsequent even nunbered sectors. This process continues until the head

i's displaced across the recoiMiMARYTOF THEMNVENTION Sector is witten, a
smal | but unavoidable timng error called the base error occurs due to both

di sk rotati onal Invadcogiahde olhngie Sinventior|thert ris padvided, Kemiethot Nfer rconddraRk for
signal used for synchronization. These errors are replicated on the next
st ep as t hesysieatie erroecinothe woitingge tim'mg pateryy oo har rotating tdisknbys @ bead @ a diskew
~and i ndependent set of randomerrors is_added here as well. Thus, the

sel f - pr opag@ies §OPPEEIag $he FieRs| Qfeswratmgezpﬂr%é&rleé@f HARECE DAARDS With he hond atandom
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-di fference indéxveerredtion vahsbetoeshift riocation cof reavia kriigper patierngwritten on a subsequent

: track.

In accordance with another aspect of the invention there is provided a method for

correcting for systematic errors in the writing of timing patterns on a rotating disk by a
head in a disk drive, comprising the steps of: writing a first series of trigger patterns
with the head on a first track of said disk; recording a first time interval between a
rotational index related to the rotational orientation of the disk and at least one trigger
pattern on said first track; writing a second series of trigger patterns with the head on a
second track of said disk; recording a second time interval between a rotational index
related to the rotational orientation of -the disk and at least one trigger pattern on said
second track; computing an index correction value from the difference between said first
and second recorded time intervals; and using said index correction value to shift
location of each trigger pattern written on a subsequent track.

. In accordance with still another aspect of the invention there is provided a process
for self servowriting a rotating disk in a disk drive including a head positioned for
interaction with the disk, comprising the steps of: writing a first set of trigger patterns
on a first track; determining a read to write time delay; determining an index correction
value; determining at least one random error ‘correction value; computing a set of delay
values which are a function of said read to write time delay, said index correction value

and said at least one random error correction value, triggering from said first set of



~an additional factor of the square root of 2. Therefore after 10,000 steps
‘the RV track to track error would be 141 tines the base error. It should
be noted that this process can work with other than alternating patterns
limted to two, for instance three patter€s may be used for clock
propagation, but two is the presently coh enpl ated preferred enbodinent. In
a step prior to servowiting, timng or trigger patterns (TP) are placed on
t he disk. g ; r

crror in thotig Tt AdORNAER Scodt REOMTIsRer Birells SRSy Bkl |
from synchrsaid délagvaifids.t he 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 onlnsscerdanceawith #ill anostheraaspech of eherinvention tthere TPproRided moprooessi n
sector #5 servo track #1 equals the error from synchronizing off the TP 40
in sector #er alfswrvavritingca rptating fhiske b pedisky drive dpeluding zaheaddpqmm@dafgel IonOI
adj acent tracks,. their errors origi.nate fromiwo, i ndependent paths | abelle
Pa!t h2 and PAFFASUGR; Wit \fﬁq FISEaﬁg%lPﬂﬂP& 48 steps P%za&?teﬁi"é‘g!lg grigadifo write time

delay, writing a first set of trigger patterns on said first track; determining an index

correction value; moving the head a fraction of a track width; writing a second set of
trigger patterns; measuring first times between each first trigger pattern and a following
second trigger pattern and measuring second times between each second trigger pattern
and a following first trigger pattern; calculating an updated read to write time delay
based on said first times; utilizing said second times to determine a deviation from a
nominal interval time to compute random error correction delay values; updating the
index correction value; computing a set of delay values to write trigger pai\tterns on a
subsequent track as a function of the updated read to write time delay, the index
correction value and the random error correction values whereby the growth of random
and systematic errors in placement of said trigger patterns is eliminated.

In accordance with yet another aspect of the invention there is provided a disk
drive comprising: a rotating disk therein, a head radially positioned by an actuator, and
a self servo written timing pattern written on said disk; said pattern being written so that
systematic errors are eliminated; whereby the servo pattern rotation matches the

trajectory traced out by the head in its radial motion across the disk.



There exi sts several proposed techniques to replace the clock head with a
ssel f propagated clock using only the disk drive head. Unfortunately, those
proposed pr.ocesses do not teach how to achieve the propagation w thout the
uncontrolled growh of errors fromtrack to track. The growth of these
errors has thus far prevented the commercldl application of all proposed
nmet hods for self clock generation due to the precise requirenents for

timng alignment, in modern disk. drives, International Patent Application

No. MC94/118ggﬂgﬁgg*ég%mﬁg;%#%ﬁﬁm%5 sclosure Bulletin, Vol. 33, No. 5
-(Cctober 1990) do not teach how to propagate a clock pattern wi thhout the
gromh of errors. International Publication No. WO 96/28814, which is

i ncorporated by reference, shows how errors in the pattern propagation

process can bﬁigqei‘ilﬁé%égaéﬂﬁaﬁ%c&ﬁ%ﬁﬂk&&vﬂaﬁ%ce preci se magnetic pattern
alignment froemtrack to track. Errors witten at each step are neasured

during a subsEigZe sliows d&owslindepandenoéastah gatith of lpatgmcprepagatiorc re geremetd faod canrig

corrected. For.exanple in Fiqure 2 prior.to wifting TP 26, the interval

bet ween TP 24°15?f8a'%3’4§°"?‘§‘“ﬁ8%f£ T B3R a%“@?ét’?"ﬁ*“?%l"lﬁ‘ﬁ%n of the disk and
~stored as a tﬁ@g%@@@mg@&&ﬂé.sﬂ@ga@nr@iﬁnt erval T45 is used when the head

is positioned on servo track #3 and triggers on TP-24 to wite TP 26

al i gned t o TPFig#. shfshowxserve patems|aget Wiitten o¥ith talvlgal dévolatidw predess. t he casual chai ns

~denoted by Paly sthg\gsdhoeratthp pliysical sopacation'&F r¥ad and write elements results in a time delay.

Fig 6 shows how a non-paraliel :e_adlwlfite head results in,an apparent shift of the trigger patt;:m

when the head is moved I(_:ff track center

Fig 7a shows non-parallel read and write elenicnts resulting in pattern rotation.

Fig 7b shows a misaligned head mounting resulting in pattern rotation.

Fig 8 shows the effect of systematic er:rors on pattern propagation.

Fig 9 shows a process to remove systematic error and climinate pattern rotation.

Fig 10 s!kiows 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 patterns are written with the single revolution clock propagation

process.



| ocki ng together the normally independent random wal k paths and preventing

.the growth of track to track misalignment. This process as described in

I nternational Patent Application No. WD 96/28814 will be referred to as the

" "dual revolution clock propagation pr ocei‘g" within the follow ng text.

10 It is understood that in witing a trigger pattern a specified tinme
after a trigger one nust account for the presence of electronic delays in
the trigger anq__“\_/\_/r_‘i_t”e‘,_rc_;.i _r._cui__.tzr__x,_ag_‘id - taught in the |1 BM Techni cal

Di scl osure Bul Pt o gs-edeld tober: 1990). There the read/wite
delay is nmeasured_once and applied as a constant correction. The

read/ wite delay can be determ ned prior to beginning the propagati on by

| ocati ng the hscF-8PRVOMRIMERIGYERVIEWW i t1ng a set of even nunbered trigger
patterns. The recording head triggers on each of the even nunbered trigger
patterns and wites an odd nunber trigger pattern at an initial delay

setting D after each even nunbered trjgger gsgitétern._ On anot her reyol ution
of the disk, tA&YIITOVEMRY 9t thecFlf STVOsEl PRI Frowd dh FIRURBe e Y ETT Hger

comprised of electronic blocks including a radial propagation controller 2, a timing propagation

controller 4 and a pattern generator 6. The system interfaces to the disk storage device 8 via
the read/write transducer 10 and the actuator 12 which controls the position of the read/write
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 pattern

information is present on all disk surfaces is typically used in disk drives. 'fh_c dual revolution -

clock propagation process described herein and in WO 96/28814 is ;
used to grate the servo pattern generator § to write servo patterns onto all surfaces. The ability

to accomplish this with a minimum of revolutions is important in the case when the servowriter

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 using 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#(), then the
_hext recording head in the stack of a multiplatter disk drive is selected and a°second servo
pattern SP#! 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



pattiern and its follow ng odd nunbered trigger pattern is neasured and
srecorded. The average of these recorded values mnus the initial delay
setting Dis the read/wite delay correction that nust be subtracted from
all conputed delay settings in order to properly conpensate for the

el ectronics delay. However, WO 96/28814 1gnd the | BM Techni cal Di sclosure
Bulletin, Vol. 33, No. 5 (Cctober 1990) did not teach how to achi eve
optimumtrack to track trigger pattern alignment in the presence of
systematic err B¢ "WEGASTYRET PoPe deryace &L ol Bt Whichevdr F#as Ths PRrRet i on
of radial posihhROciedt thRiviHi2PL 3PRHbQ DaRRGEBSir shok BmPAlidws GHeAfurfBes §be
Application No. WO 96/28814 does not teach: 1) How to elimnate a varying
systemati c err@hlapyeh setve pristme withing sinelg devhlaonob e digh. thys cdusingsenso weitedimend
wite elenents such as the case for magnetoresistive heads. This results in

ahread to wite time delay which is radially dependent.  2) rletO &ﬁnnxe
“are XE‘L?LQ?afYé#sﬁ%étﬁ‘ipﬁﬁrﬁFf@% BB PR R E RO e e
i nterval .

All clock propagation processes require that systematic errors (which produce the same error
on each sector of a serv6 track) are removed during the propagation process. Suc-h €ITors
contribute to track misalignment and/or rotation of the pattern with mpect 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 electronic 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 which are particular to a head and actuator design
are present. If these errors are not compensated they will reduce the tlrac'k to track accuracy
of the p.ropagation process and can accumulate to result in rotation of the pattérn with 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 track to track misalignment error. 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 thc rotational orientation of the disk will be present. This is the
desired pattern rotation since it simplifies the disk file servo during long seeks. Thus patteras
which are written in such a manner as w have no timing shift relative 10 an index related to the
rotational orientation of the disk will necessarily be of the desired type. Several examples of
._-systematic errors are described below, but it should be understood that other similar effects can
..rcsult from particular hcad 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 -



3) How to elimnate servo pattern rotation due to systematic errors by

. using a once per revolution clock index derived formthe notor drive
current waveformor any other sensor. In addition the WO 96/ 28814 does not
teach: 1) How to mninmize the effect of velocity jitter w thout decreasing
the interval size. 2) How to inprove tjge control of intervals by using a
new nmet hod designed for this purpose. 3) How to achieve track to track
alignment without incurring an additional revolution of the disk. 12
SUMVARY OF THE RVERTION thheres ¢o?den E8Tavine 1 e Tirvenesecod R OHerE s

provided, a ngjRot.fQh £k ﬁ,%g Dbnl B Systematic errors in the witing of
timng patterns on a rotati hg dglsk by a head in a disk drive, conprising

the steps of: 2winiprdcesg carebionif tieermely iofrmtlmeggemepaddroe tie pmpaintivherochesad at a
first position on a first track of i i sk; recording the tinme interva
bet ween a rot @[Mifﬁ'ﬁf’mﬁnﬁd’ ecBpLe & ‘ﬁ% fﬂ'ﬁgy PHERY I W}B‘%i aé%'fsﬁ‘ﬁ 8% 2'he

di sk and at | g@sdriveds siilad@@ignpattern on

RADIAL DEPENDENT TIME DELAY FOR INDEPENDENT READIWRITE SENSORS

The dual revolution fiming pattern process described in WO 96/28814 must be

modified when the recording transducéf has write and read elements which

are scparaté as shown in Figure 5. In th:s case a time délay 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 aisk linear velocity given by _V‘I_,/_ whérc 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  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 sopuration = @) 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.



said«first track; computing an index correction value fromthe deviation of
the tinme-interval which was recorded froma predeterm ned desired tine
interval; and using said index correction value to shift |location of each
trigger pattern witten on a subsequent track. In accordance w th anot her
aspect of the invention there is providegd a nethod for correcting for
systematic errors in the witing of timng patterns on a rotating disk by a
head in a disk drive, conprising the steps of: witing a first series of
trigger patter % dip Wittesepasdign oY can Hej megturad pgipgkondf the giogucyfiak head &g gy a
first time intggyah b e r ' lons el.ah 68,60 Lhg. Llatlonal
orientation of the ’dié}lrgx\ggn(g, cgatt U?%g}séaq%ﬁgnt ?‘&g‘éé{" %g%lt g’Pn donnsn |ad£°?c|;nfjst
track; witingrigges pgemATEER, a@ignedf 54 lnieg gRibsepaht radasugement df thehaetublabunk Bowaan
second track of said disk; recording a second tine interval between a
rotational i _rla‘g?(t"f"e‘f‘éﬁcéﬂa"t"ﬁ‘s e &t g’f’i“ﬁ’ﬁ 194 ‘ﬁs-é?f’td&{aP'b‘h_gSFlc‘ftT?éfcﬁF%lcha‘ﬁd at

| east one tri geiel) Adik 1Ry AR ik phyzRAM t(;\Kuﬁ@%barﬁ@mtRcB&ti?‘mlsméﬁmment
correction value fromthe difference between said first and second recorded
time interval sat tehknowsirad. pastibly ithedenermest aceassible duta/tedck er ineer sadivs (i) @adithieon  of
each trigger pattern wtitien on.a subseqgue tracgk. ln accqrdance w.th
still another oé’geﬁné%sf a%?m% gga?(ri}\%kn?riog% faﬁ'é' @Dl)'smg’(r:k(')'?/‘f"('j%&w a?" %F SEEIFP sel 1
servow iting aofmpiia the 3¢pafdiiGikbetweer thdircald afll witeelerhdatsl Thd@easurbERel]l gy is piogred

“for

by:
RfWp, — +Delay.foctronic
Delayl cos(@)) Q R, Sve :

i i = W
R/Wpetays = os@y) O &, + Delayelea:onic

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

Rf Wl)r.'luyl - R/ WD:-IayZ
1 1
cos(©y) R, cos(0,) R,

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

is propagated across the disk surface.



interiaction with the disk, conprising the steps of: witing a first set of
trigger patterns on a first track; determning a read to wite tinme del ay;
determ ning.an index correction value; determ ning at | east one random
error correction value; conputing a set of delay values which are a
function of said read to wite tinme del ay said index correction value and
said at | east one randomerror correction value, triggering fromsaid first
set of 13 trigger patterns and witing a second set of trigger patterns
on a subsequentliefnageky. asiaie i aethod &2 thy repd uwrite ddlay carbronehayrekduming fhest i | |

drrve 1nc

th to oS ol ' ' |
anot her aspec é)r(?})é‘%atg?ﬁ? Plllé)g%? %&il u?%.l tg Qg‘%’gkk? 1@\ QNhid gg.a/aFer R ‘é‘%

servowiting ding a

§of AL 4! |

ead positioned

for interacti aevowitibitiining paitesk pro@eyEpineSurergent éfahesdeRp sndabirectiart exlus s avgjlabler ead
to wite tine delay, witing a first set of trigget E)atterns on said first

track; det er nmi%iAd rAfbrkdreasuEeepiETqlyiqn Which, yill

thbe freder

Frocess Withon of

a track w dt h;s Weddic M oARSAGANGes®! Of trigger patterns; measuring first

ti mes between éach first trigger pattern and a foll ow ng

In some cases it may be desirable to use the above method to find the absolute radial position
of the head. For a given disk file the relationship between radial position of the head and the
skew angle may be ascertained. Once the Scpamﬁon between the read and write clements is

known, the electronic component of the delay may be determined by solving the above equation

" for the read to write delay at a given known radius. The same equation may now be solved to

determine absolute radial position by using the read to ivrite delay measured with the head at

any other location.
READ TO WRITE NON-PARALLELISM i

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 between TP 64 and TP 66 is given by Di. The time interval measured
between TP 66 and TP 68 is equal to D2. The time interval D2 will be longer than D1 due to
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 clarify this effect, when the read and write elements are parallel as shown
by TP 72, TP 74 and TP 76 the measured intervals per the above description result in the two

measured intervals D17 and D2 which are equal.



second trigger pattern and neasuring second times between each second
trigger pattern and a following first trigger pattern; calculating an
updated read to wite tinme delay based on said first tinmes; utilizing said
second tinmes to determine a deviation froma nomnal interval tine to
conput e random error correction delay val ues; updating the index correction
val ue; conputing a set of delay values to wite trigger patterns on a
subsequent track as a function of the updéped read to wite tinme delay, the
i ndex correction value and the random error correction val ues whereby the
grow h of random and systematic errors in placenent of said {rigger
patterns is el Thi3 &radr egh bel rameed @Ay B prapdeitioly piloceanigyit heasurias pre Gy standatit Bigor

i nvention there is ﬁrovided a disk drive conprising; a.rotating disk

therein, a heal TEYHISHFITPISHIEPPEPETraHyTigst: BEPBRIHHS oA oVl Y grack

witten tim NGRRhe SfBad dignhiSlhd QiR valieS i thid MeshulRbdt & RriBiGled At MkAdwn€N SO
that systematic errors are elimnated; whereby the servo pattern rotation

mat ches t he t rrafiectmesslikelyabedP en@D)lothen theshifehichnibn sliows to'bedi al noti on acr oss
t he di sk. 14 :

S=Delayx QxR

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

Alternatively, as noted in method #2 this error can be measured during the propagation process,
as a scparate periodic measurement step. In particular in the case where the read and write
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 would require

periodic measurement during the propagation process.

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. Specifically, 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 1 onée per revolution

‘index as described in the "Process With Systematic Error Removal” below. A unique feature



Brief Description of the Drawings Fig 1 illustrates a disk and a typical
di sk servo pattern. Fig 2 shows how i ndependent casual paths of pattern
propagation are generated and can be elinminated by measuring and by using
an additional revolution of the disk. Fig 3 shows the electronic servo
‘pattern writer. Fig 4 shows how servo pat#krns are witten with a dual
revol ution process. Fig 5 shows how t he physicaL sepﬁratlon of reaﬁlard
ite elements results in a tinme delay. Fig 6 shows how a non-paralle
\rNre:alEi/ wite heaé]}f l?"e‘ssrtcj'ldtl% oy ‘EH'P&&B@F‘E&?{C% h‘i‘%f HSFUTHR O F T At ERiRE dem.
the head is np¥gth phtmtspiatkarsent er Fig 7a shows non-parallel read and wite
el enments resulting in pattern rotation. Fig 7b shows a m sal i gned head
nounting resulting in pattern rotation. Fig 8 shows the effect of

systematic err ation. Fig 9 shows a process to renove
systematic errﬂh& Z L rn rotation. Fig 10 shows a nethod to

remove the effects of spindle velocity jitter. Fig 11 shows a nethod of
cl ock propagation with reduced interval jitter. Fig 12 shows a nethod of

cl ock propagat AoaddidnbiQiebmétiEeTec Af odir AURirbdoRNE heddQY Anfalaf8 18 fhetdiectidh SK-

of actuator motion. When the trigger pz;ttcrns are aligned to minimize 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 .the motion of a linear actuator. When the trigger patterns TP 90, 92, 94 are _
aligned a pz;ttcm rotation 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, misaligned head
mounting pro&uccs ‘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 random 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
to a 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.



Fi g 13 shows how servo patterns are witten with the single revolution

<l ock propagation process. 15 Detail ed Description of the Preferred
Enbodi nent s SELF- SERVOARI TER OVERVI EW A system overvi ew of the self
servowite apparatus is shown in Figure 3. The systemis conprised of

el ectronic blocks including a radial propaggation controller 2, a timng
propagation controller 4 and a pattern generator 6. The systeminterfaces
to the disk storage device 8 via the read/wite transducer 10 and the
actuator 12 wHi ¢HY EBHLF o1t resype@ittci AT BFemopyt 45 a5t Avpdos® FFEhEE MM Usi ng

only an el ect ruomkgadcm,ﬁsgd@m%nkrb%c@%lsimo‘s[ernwcld@\&89&{&%&4&. PRApL&LN the
disk with servo information comonl y used servo architecture known as

"enbedded ser ¥otivanpelgii ch servo pattern information is present on all disk
surfaces is typically used in disk drives. The dual revolution: clock
propagati on process described herein and in WO 96/ 28814 is

STEP 100 ) The process in initiated by writing a sequence of TPs and measuring the delay

between read and write as previously described and storing the delay as a variable Dgwy. The

TP shift due to read/write parallelism is checked and measured and stored as Ds.

STEP 102) The read to write dela_y 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
i

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 /gy and fye. The /ry correspond to a
time interval beginning with a full on-track TP and ending with an off-track TP. The /yr
corresponds to a 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. -



used*to gate the servo pattern generator 6 to wite servo patternsonto al
surfaces. The ability to acconplish this with a mninmmof revolutions is
inmportant.in the case when the servowiter is external to the disk drive
which is contenplated to be the preferred comercial inplenentation of this
invention. In Figure 4 there is shown a process by which the trigger
patterns are used to wite servo patterns ﬁﬁha first surface using a first
recordi ng head and ot her surfaces by switc g to other recordi ng heads on
ot her recording surfaces. The recording head is set to read node and
triggers on TP#1 which begins gating a pattern generator to.wite servo
pattern SP#0, YH&S 0heThrendasuregCiordirls grehsaido taicutakahestracdelagfcomectivist | pl at t er
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

requi red to wAdSrepaobasHé F,26R B8t IWkedER dieNBadNG FHS deld) mt&%s&m o nek{¥fp N D

surface the 16 head nust be switched to the first surface #0 I1n tine to
read the next W&etor TP#2. This process makes clear the advantage of
trigger patterns as their short tinme allows other surfaces to be

At STEP 106B, the /g are input to the clock algorithm an corrections are computed to eliminate

the random growth of errors in the next TP write.

At STEP 106C, the location of the first TP to the index 'is used to compute a new index
correction to prevent the rotation of the pattern with rcSpect to index. - It should be noted this
feature may be disabled 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
.brushlcss motor typical!y used in disk drives or from any othier available once-per-revolution

isignal. -

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.

In the above process in practice 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.



witten with servo patterns within a single revolution of the disk, thus
.reducing servo wite time. GEOVETRI CAL EFFECTS RESULTI NG | N SYSTEMATI C
ERRORS Al clock propagation processes require that systematic errors
(whi ch produce the same error on each sector24df a servo track) are renoved
during the propagati on process. Such errors contribute to track
m sal i gnment and/or rotation of "}zh . pattern with respect to a fixed frame.
As previously deddt i Hed FREHnplk 5§\[/R?)hs systematic error as described in
| BM Technical Disclosure Bulletin, Vol. 33, No. 5 (Cctober 1990) is the
el ectronic delay in the read to wite circuitry. However, the prior art
does not teach “dvationy krdy ¢igk wiagerspacd will grusoersory ipficprrpadusiorgrrosths desqrigeld al
position) due t e tric effects i.ch ar rticular to.a head .and,.
act uat or desi gr?g%vr%'e?“gﬁ "égaet?ltg‘rp?’hcta'ﬁoe“s%mael?\ro 'o(?gé(ﬁg’?e ‘Erl‘(%?sl{acuéﬁrtp%“(r?lg‘é"tme"‘émguﬁeéﬁpg\n“sl I
reduce the tracgkot i plopatdnalbes GhY iaLivalGpacinh € TRIIHE Gl eOFcah b StEsiized 6 ©diting
accunul ate to result in rotation of the pattern with respect to a fixed
reference. Thi sherigieniplisizp Whishsaeeapongs topshe urmg Gepepmhangtye passeguiive @d¢ (B 28NHtWPP on
a subsequent s 1 IS, ced. t. 8Yi ou eto
a systematic e??aé?cuég}gi&r%g ng{ %Q%g'f Ferl Ir}f{sr 0 é?ﬁ%ﬁ lglér/idﬂ'a ?iﬁié%%té'%%gb(ﬁugyt rack
m sal i gnment el (e intdrval tdveduea sids suive teca deglizitdaleled iy h@tba pfatritalrat ches t he
trajectory of the actuator during a seek, no shift intimng relative to
index related to the rotational orientation of the disk will be present.
Thi-s is the degi f6d DAL LKL ickéMal daR RorTe Mificel we HisHBe 'a e Snct38 ibufiitn fnk! ©
servo during | ong seeks. Thus patterns

velocity of the disk is measured “on the fly”. Errors in the written TP location will occur when

the vélocity of the disk 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 comesponding to the average of the interval times (either or both
readback and write interval times) for one cdmpletc ro?ation is used to estimate the di-sk average
or nominal velocity. As shown in Figure 10, by measuring 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 iimited 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.



whieh aré witten in such a manner as to have no timng shift relative to
.an index related to the rotational orientation of the disk will necessarily
be of the desired type. Several exanples of systematic errors are described
bel ow, but it should be understood that other simlar effects can result
from part.icular head and di sk drive design25In general for a given
systematic error there are three nethods which can be used to renove these
systenmatic errors 17 1) Measurenent of the error at one or nore known
radii which ardtlged FQRdomMiEn MEY xleCONGROLer m at each propagati on
step. 2) In-process correction of the error by internal neasurenents during
t he propagation process 3) Measurenents of the error in the disk file, by

external neans, which are used to correct all disk drives of simlar
desi gn. RADI AlThpepapysizdiciqsed ety oAY OF6R85 A\ eaisp Bl READ WRI TE SENSORS The

dual revol uti QfealidRed dRAtd GE GigE&g&éﬁﬁprgﬁéa%d. b fkal 2l M6 &Qﬁ?ﬁ%‘im%ﬁ%i@?
nodi fi ed when the recordi ng transducer has wite and read el enents I ch
unknown which of the two TPs defining the interval is emroneously positioned. As a result,
when the method propagates with correction values of F (F is defined below) less than 1, the
TP location errors propagate (in a decaying fashion) to neighboring locations. A demonstration
of this is diggrammcd in the top half of Figure 11, On servo track #1 TP 150 is 'crroncohsly
shifted with respect to TP 132 resulting in an iritc_rval measurement T 145 less than the nozilil_mz.«ﬂ.
On the next step’of the process the head is positioned onl' servo track #2 and TP 134 nswnttcn
with an error to correct for the short interval T 145.. Sub’seqilént writing of servo tracks #3 _énd

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

. In the method for improved interval conuoi information about the positign of a particular TP
is extracted. Rather than specifying a particular interval from!thc, 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 1o provide information on TP placement.



are Separate as shown in Figure 5. In this case a tine delay or advance
(relative to the case where the wite and read el enents are not separate)
is required-to wite 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 [err] where Wis tgg separati on between the read
el ement 46 and the wite gap 48 and Vis the disk |inear velocity. Further,
in. the case ﬁﬂere the head is skewed relative to the track as for exanple
woul d occur o YCSIEBEVYOLETION FIMINa PATFERNent * separation Wof the read
and wite transducers as projected along the recorded track is nodified by
the cosine of the skew angle of the recording head and will also vary as a

function of raghi Jpﬁ TR0 Y %o the separa effec{ ven by
m t

[err] where [err] 2 jnf e skew ang#e&juoﬁy 5 FEREE P %hé%cfons['séf’ 77°i °§g‘f’

di sk rotation vsmaeuhagmﬂb tRnkitlors) @ ohaddialSpositiort dher disk Sditace can bd ProfdpBied 64 tHeO

write separation VVcag be  peasured u5|nglonl y the product data head by

writing catire disk ra ius wnthout incurring a growth in thetrack to track alignment of the timing
information. This process is further accomplished within a single revolution per servo track,
thereby adding no additional time to the process of servowriting the disk drive. The importance

- of this advance is criti<_:a1 for cases where the self-generation process occurs external to the disk

drive and where additional rotations of the storage media directly impact the number of
servowriter systems required. For example a timing pattérn which required two rcvolutions of
the rotating storage media and one additional rcvolunon to move the recording head to the next

servo track locauon would require 50% more servowriters than the method described above.

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

i The process of self-propagation of a timing pattern is described in the steps below and is shown i
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 #0 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



a TP*50, triggering on that trigger pattern on a subsequent

writing a second trigger pattern TP 52, a tinme T 54 |ater. Subsequent

measur enent -of the actual

del ay due to the physical read to wite seﬁgratlon W Repeating this

nmeasurenent at two known radii, possibly t
radius (1D and the outernpst accessible data track or outer
wihshvrknanekbwiranigles atgivebecvas edo tdncaoaputentche wSapapation

track or inner

radi us (OD),

e i nnernost accessi ble data

between the r e?%cgs@gd anc! I

t Th re en by:
[err] where this total é:forgw%ggg?r%%"dﬂtmgemge % ﬁ'@ V%éczig‘l('ﬁ w\/ﬁf‘??é”“ﬁi’f’gy}

includes a delmy due to the read to wite separation and an additi onal
delay due to the electronics path in either or both the read and wite
‘chain of the recording head. The above rel ationshi ps can be solved for Was

b h te gan t hen be u ed and
Obdated’ as. t T B Ed dhe SRpHE FORIAN I i B R et £ 208 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 numbered trigger patterns and writes an

even number trigger pattern at a time B(n) after each of the even numbered trigger pattern.

During this write sequence the time interval between every two adjacent even numbered trigger

. 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 head is servo-positioned to the next servo track location.

9.The recording head triggers on each of the N even numbered trigger patterns 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.

time between the two trigger patterns is equal
the time T 54 plus any delay in the electronics (which is fixed) and the

revol uti on and

to



19.M ternatively, as noted in method #2 the read to wite delay can be
-measured during the propagation process and used to correct for the

vari abl e detay. For the case of the dual revolution timng pattern process
a measurenent of the delay and correction values is available on each
readback neasurenent revolution which will be described in the section
"Process with Systematic Error Renoval" low. In sonme cases it may be
desirable to use the above nethod to find the absolute radial position of
the head. For a given disk file the relationship between radial position of
the head and the skew angle nmay be ascertained. Once the separation between
the read and wiireceed ®MRRES step #onmdieped: Bepsalsaed LMiDthe ctrRapioin Suttacdik fitie del ay
may be determ ned by solving the above equation for the read to wite del ay
at a given kndti Fsbitiematste same equati on may now be sol ved to determine
“absolute radial position by using the read to wite delay neasured with the
head at any other |ocation. READ TO WRI TE NON- PARALLELI SM An addi ti onal
systemati c er Fos 2 owobker fromf0 bHewhichacpreskm nienteighfingfasta asaddo ngreheEatk kastrack
non-paral | el -misalignment. For example when F =1, the track to track misalignment error is minimized, but
the absolute interval will deviate from the nominal value. When F-=0 the nominal interval size

is maintained but track to track errors will grow unbounded.
It is understood that in addition to the above process to r;hiovc random error growth, one must
measure and correct for all systematic delays due to boih electronic and’ geouﬁctric effects as
described earlier. In addition the ngéthods previously described of "Improved Algorithm for
Interval Control" can similarly be applied to this process.

. I 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 0 which begins gating a pattern
generator to write servo pattern #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 I.



to.tFe witing element. This is shown in Figure 6 where the witten TP 64,

TP 66, and TP 68 are non-parallel to the read el ement—62—TR 68 is written
approximately one half off-track from TP 64 and TP 6$L"IMen t he read

el enent 62 on track center 70 reads the tid'ogger pat t ’mgmwﬁﬂmutagwgld
D

nmeasured between TP 64 and TP 66 is givery D1. The o Uk :
between TP 66 and TP 68 is equal to D2. The tinme interval wi | I° bé | onger
than D1 due to the fact that TP 68 is qrfatvgck and its angle results in a
shift in the apparent center of the trigger pattern. To further clarify
this effect,l.whénmethedrferncoresvtingufort systetnatie airorsdn ehepatitihg of timngSpudernstoh P
72, TP 74 and TP 76 the nmeasured intervals per the above description result
in the two Ap@tng diskibytachepd iz adisk daive, Gampisingnthasepeofial . h20 This error
can be renoved during the propagation process by neasuring the systenatic
error of interva‘frgmcgd?’n%ﬂ@EW ?fg‘E’@Eﬁ' %@Eqsa‘ﬁl’ihlthei]w@ratﬁaﬁllstapmﬂ%%@sfmf\ose
I nterval s w .on-track and one off-track signal and storing the val ue.
If this neaé}&?léﬁggﬁlgl Ekperformad at a known radius (nost likely the ID or

QD) then the Shirééorcﬁnﬁ Ghe Rftne> ROl BethBen a rotational index related to the rotational

orientation of the disk and at least one trigger pattern on said first track;

computing an index correction value from the deviation of the time inferval which
was recorded from a predetermined desired time interval; and

using said index correction value to shift location of each trigger pattern written on
a subsequent track.
2. A method for correcting for systematic errors in the writing of timing patterns on a
rotating disk by a head in a disk drive, comprising the steps of:

L writing a first series of trigger patterns with the head on a first track of said disk;
: recording a first time interval between a rotational index related to the rotational

orientation of the disk and at least one trigger pattern on said first track;

writing a second series of trigger patterns with the head on a second track of said
disk; |

recording a second time interval between a rotational index related to the rotational
orientation of the disk and at least one trigger pattern on said second track;

computing an index correction value from the difference between said first and
second recorded time intervals; and

using said index correction value to shift location of each trigger pattern written on
a subsequent track.
3. A process for self servowriting a rotating disk in a disk drive including a head
positioned for interaction with the disk, comprising the steps of:

writing a first set of trigger patterns on a first track;

determining a read to write time delay;



S ~ Del §y X [err] X R-W-th a neasured value for S, the delay can be

conput e eal step. Alternatively, as noted in nethod #2 this
error ¢ WMQ i ng the propagation process, as a separate
Nls p. In particular 4pn the case 1

peri odi ¢ melsutene _ _
wite el ements have a nore conpl ex geonetric msalign
sinmply non-parallel, then the delay nay depend non-1li neg
| ocation. Corredeteuningfg drhindex éarcdctiomwalde;r equi re periodi c neasul _
during the propagation process. An additional consequence of this geonetric
effect is to crdeleaniningatieashongyandom gfror borrestionwaine; n Fi gur e 7Ak wher e t he
TP 82, TP 84 and TP 86 are aligned to mnimze the track to track -

ni sal i gnment  of C?IHBUtH%&%é%?Il 6%@3' vaes adigh; are . finetiom of said gead b wsiie ttisnen

. . . bed ab Tthis | ' th

e s et P e 4 603 i et Sl s e
: i is effect. and i

hoed ot be- 11 nirigRgFing Bontdid 670 dof G0GgEbOPuclins au Wiod MncoBl S6ivdr el

el enents. Spaifdrad 61k sibsequede REEGEIRY sai®iRAPdalidds, the written transitions
arising fro?n edge effect?i n the V\lﬁte proscr:]ess wi || produce this effect The

desired pat#er nAspropessclon sbif seaoieitiag Dyotatiigdisk i@ ACEisP Aive GH&hdihs AN hédadeX
as described in the "Process Wth Systematic Error Renoval " bel ow. A unique
feature positioned for interaction with the disk, comprising the steps of:

determining a read to write time delay

writing a first set of trigger patterns on said first track;

determining an index correction value;

moving the head a fraction of a track width;

writing a second set of trigger patterns.

measuring first times between each first trigger pattern and a following second
trigger pattern and measuring second times between each second trigger pattern and a
following first trigger pattern;

calculating an updated read to write time delay based on said first times;

utilizing said second times to determine a deviation from a nominal interval time to
compute random error correction delay values;

updating the index correction values;

computing a set of delay values to write trigger patterns on a subsequent track as a
function of the updated rgad to write time delay, the index correction value and the
random error correction values whereby the growth of random and systematic errors in
placement of said trigger patterns is eliminated.
5. The method of claim 4 wherein said step of determining read to write time delay
comprises the steps of:

writing a first trigger pattern with a write element;

I
' This Sheet Has Be

[T



21~-0f this read to wiie non-parallelismeffect—s—that it results in both

-a crack to track timng error and a pattern spiral error. M SALI GNED HEAD

MOUNTI NG An additional geonetric effect can occummmmwnﬁﬂﬂr,ﬂ g head is
non-parallel to the direction of actuatog,noti on. el i r-patterns
are aligned to minimze the track to track error, a pattefn fothtion will
result. A sinple exanple is shown in Figure 7B, in which a head is
non-paral | el t owtitieg rptdcond afigger | paniexdr a @il aime heftert Migging @ar sapB fir&r ns
TP 90, 92, 94 are aligned a pattern rotation occurs. Renoving the pattern
rotati on shiiggebpatten;00, 96 and 98 results in a track to track m salignment
A simlar effect occurs when a head is msaligned on a rotary actuator,

Note that, unliWe2uHEE thefime inteivak betwesn. said, Tisy and; said, sspond iigeer patiesnginakf head
nmounting produces only a.pattern spiral, error. ere i.s.no track to track
timng error frmﬂqﬂ“é%q"&grfp@%@q&nﬁeﬂ’%ﬂg REMOVAL In the

'propagation6_proge(ﬁ§(mv%n&ﬂ}isﬁggure 2 the odd nunbered sectors are used for

Y

a rotating disk therein,

a head radially positioned by an actuator, and

a self servo written timing pattern writtén on said disk;

said pattern being written so that systematic errors are eliminated; whereby the
servo pattern rotation matches the trajectory traced out by the head in its radial motion
across the disk.
7. The disk drive of claim 6 wherein said servo pattern is also written so that random
errors in the track to track alignment of the ser:vo patterns are statistically constant in
their root mean square value across at least a desired portion of the disk surface.
8.  The disk drive of claim 6 wherein said servo pattern is also written so that random
errors in the track to track alignment of the servo patterns are corrected in a manner that
leads to a growth of errors that is less than the square root of the track number typical of

a random walk process.



1/

synchroni zation 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 synchronization in
writing the subsequent odd nunbered sectgys. Although the growth of random
errors 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
Figure 8 where subsequent witten TPs are displaced a fixed distance from
the previous servo track due to a systematic.error. 22 A flow chart by
whi ch t he syBYERG&MVEMENTS IN SELESBERMOWRITENG TEMING PATTERNOGENERATIONV ed
in the pattern propagation process is shown in Figure 9. A detailed
description of the process is given below. STEP 100 ) The process in

“initiated %T\é{ ; E,irng a sequence of TPs and neasuring the delay between read

@

and wite ously described and storing the delay as a vari able
Dierr]. The TP shift due to.read/wite parallelismis checked and neasured
and stored as Derr].

The présent invention discloses improved placement of timing patterns in self servo writing
which includes correcting for random and systematic errors due to geometric effects. In a disk
drive (8) having a recording head (10) with separate read (46) and write eclements (48), the
separation between the elements (46, 48) can be determined and such errors corrected as a
fun-ction 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 if its actuator (12) are also detected and corrected. Errors due to changes in rotational
velocity of the disk and misplacement of timing patterns 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.



e W -
?ﬁEP*lOZ) The read to wite delay determned fromSTEP | is used to wite
t he evén nunbered 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 noved a fraction of the track width. STEP 104) The
alternate nunbered TPs are witten. Thily¥liss initially the odd TPs but w |
al ternate between even and odd on successive propagation steps. STEPS 105)
.Every interval corresponding to the tinme between TP is neasured. At STEP
105A, the intervals are divided into two groups I[err] and I[err]. The
I{err] correspond to a tire intervaligeptgni with a full on-track TP and
ending wwth an off-track TP. The I[err] r« isponds to a tinme interval
beginning with an off-track TP and ending with an on-track TP. Conbi ned
t hese account for all the intervals on the disk. At Step 105B, the | ocation
of the first TP in the group wi I'S rjec during the sanme revolution

of the disk. 23
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'STEPS 106) The neasured intervals are used to calculate the tine del ay
corrections. At STEP 106A, the I[err] are used to determne the read to
wite delay ta be used in the next TP wite. At STEP 106B, the I[err] are
input to the clock algorithman corrections are conputed to elimnate the
random growth of errors in the next TP #iPe. At STEP 106C, the l|ocation of
the first TP to the index is used to conpute a new i ndex correction to
prevent the rotation of the pattern with respect to index. It should be
noted this feature may be disabled for exanple to mnimze.-track to track
error by allowng the pattern to rotate as in Figure 7. The index can be
obtained fromthe current waveformin the DC brushless notor typically used
in disk drives or fromany ot her avmlﬁﬁﬂ ond@- per-revol ution signal. STEP
107) The outputs of each of the above described processes in STEPS 106A,
106B and 106C are used to conpute the desired delay to wite the alternate
TPs at the next radial |ocation.,,STEP 108&ﬁjhe track count is checked to
determ ne the end of the procesJﬂOYﬁethS JénghénaCkops back to STEP 103.
In the above process in practice one nay aperage the neasurenments of the
systematic errors on two or nore subseque steps prior to making

corrections to the comifrite drildy ofathes tifling marks (2,4,8,..)
> Step out fraction of track
Trigger on evens, writé odds (1,35,.)
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‘each interval-. 24 VELOCI TY ERROR CORRECTI ON Variations in the disk
.rotation speed will cause errors in the propagaton process descri bed above.
In the Patent Application Serial No. 08/028,044 it was taught that the
magni tude of this error is proportional to the interval spacing. Therefore
this error can be mnimzed by reduci ng/tthe i nterval size which corresponds
to the tinme between any two consecutive odd (or any two consecutive even)
trigger patterns until this termis negligible. In certain cases the

reduction df the 1ntervar ToTeduce—thts—e++ro+—t0 a negligible |l evel may
not be praqtical. Im those cases where interval 4 can not be reduced we -
di scl ose afnew nethod in which the vjeTrQqci f tthe disk is measured "on the
fly". Errornls in the witten TP | ocat} ogwi | | Jocdur when the velocity of the
.disk is dififerlent during the read and E?e wjtelstep as in the dual
revol ution|ti i ngpatter|n propagati gn WO 96/ 28814. In this process the
nom nal in%er\al;g ngt h jcorr espondi g @? thelaverage of the interval tines-
(either or|botlh e < : (<3)
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readback and wite interval tines) for one conplete rotation is used to
estimate the di sk average or nomnal velocity. As shown in Figure 10, by
measuring the tine interval between the TPs during the wite process, an
estimate of the local disk velocity can be obtained by conparing this
interval with the nomi nal interval at #Ké&5nom nal velocity. As the rate of
change of velocity is limted by the disk inertia, a set of interval
measurenents i medi ately preceding the TP to be witten may be averaged to
estimate the current disk velocity. For exanple when the head is centered

- on servo track #1, intervals T 114 and T 116 can be neasured-to estimate
the local disk velocity prior to witing TP 118. 25 METHOD FOR | MPROVED
| NTERVAL CONTROL The previously%;'scloseo met hed of WD 96/ 28814 enpl oys

I nterval neasurenents during th%g opagati on. When an error
occurs in an interval it is unkf g0 TPs defining the
interval is erroneously positi oA , ten the nethod propagates

with correction values of F (F iss than 1, the
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TP location errors propagate (in a decaying fashion) to neighboring

| ocations. A denonstration 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 neasurenent T 145 less than the nomnal. On the
next step of the process the head is p84tbioned on servo track #2 and TP
134 is witten 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 nethod for inproved interval
control information about the position of a particular TP is extracted.
Rat her than specifying a particular interval fromthe previous TP as the
desired nom nal position, tgg intervgl, data from surrounding TPs are used

to provide position inforng ) g nt ervag et ween the TPs currently
bei ng eval uated and each THAAI thin gAapeci fi pginber of transitions is
conput ed. . As an exanpl e of g4i I Mear Nei ghbor caﬁearisanthe
| ocation of TP 150 is eval yz£ syl i Nngghe i nterval Efﬁg§zand T 157.
Similarly TP 132 is eyal uatgZs g amTng 1424 and T 146.6H & €Re case
where T 124 and T 146%are g4 B\Zand T g4 and T 157 artﬁ& | then the
| ocation of TP 150 i sajn e/A 1 that 7] TP 132. | dtt 4R practice
this process is exterf R ;.t neioaﬁors and ay2¥aged Por an
“appropriate specified N ‘i;;/ ) | @#poring ;?tervalssta provi de
i nf ormation on TP pl aceMaai ] . aE
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26 SINGLE REVOLUTION TIM NG PATTERN Tinming information in the form of
equal |y spaced trigger patterns (which consist of one or nore witten
magnetic transitions) at one radial position on a disk surface can be
propagated over the entire disk radius without incurring a growh in the
track to track alignment of the tining®/APormation. This process is further
acconplished within a single revolution per servo track, thereby adding no
additional tinme to the process of servowiting the disk drive. The
i nportance of this advance is critiﬁélqggr ses where the self-generation
process occurs external to the disk dr 'agﬁ where additional rotations of
t he st or age/medta—ti-+eety—inpact the ndxber of servowiter systens
required. ﬁgr exanple a timng pattern which required TWO revuiutheﬁi of
the rotating storage nedia and one additional revolution to nove the
recording head to the next servo track | ocation would require 50% nore
servowiters than the net hog descri Wﬁ.bﬁve. This can represent a | arge
capital cost, when the serv \ter is exterpal, to the storage device. The
tf@t@

process of self-propagation of { M ng is described in the steps
bel ow and is shown Réad
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in Figure 12. In this exanple A is equal to one half the interval T, but in
general A can be any fraction of T. 1. A recording head is |ocated on servo
track location #0 and wites a series of even nunber trigger patterns
corresponding to every other sector on gpeqdisk surface, with a nom nal
interval size T. 2. The recording head is Servo-positioned to servo track

| ocation #1. 3. The recording head triggers on each of the N even nunbered
trigger patterns and wites an odd nunber trigger pattern at a tine A

foll owi ng each even nunbered trigger pattern. During 27 this wite
sequence the linme Fnterval between every two adjacent even nunbered trigger
patterns is nmeasured and recorded i npujger nmenory as the values T(n),
where n runs from1 to N. 4. The intnghtg B({®, are conputed fromthe
stored tinme intervals and the interval A given by B(n) = F*(T(n)- Al +

[ 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 tinme B(n) after
each of the even nunbered trigger pattern. During this wite sequence the
time interval between every two adj acert/ ®ven nunbered tri gger pattern is
nmeasured and recorded in a conputer nenory as the values S(n). 7.The
intervals C(n), are conputed fromthe stored tine intervals and the
intervals B(n) given by C(n) = F*{S(n)- B(n-1))+[ 1-F]*A. 8. The recording
head i s servo-positioned to the next sﬁmr ay(%ocati on. 9. The recording -
head triggers on each of the N even nu r&t- t i §Qer patterns and wites an
odd nunber try ttern at a time C(n) after each of the even nunbered
trigger paAt eﬁiﬁa?ﬂfﬁ%eqtﬂpa wite sequence the time interval between every
two adj acerjt even nunbered trigger patterns is nmeasured and recorded in a
conputer mgnory as the values T(n). 10.The interva B(n), are cﬁut ed
fromthe stiored TTme Tmtrervats—ant—the—+hbervals & n) given by )

F(T(n)- Cn)} + (1-F}*A s J/ 7/
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28 11. Proceed to process step # 5 and repeat steps #5-#10 until the entire
‘disk surface is filled with clock information. F is a nunber fromO to 1
whi ch represent the weighting factor used to correct track to track
m sal i gnment. For exanple when F =1, the track to track m salignnent error
is mnimzed, but the absolute interval 9443 | deviate fromthe noninal
val ue. When F =0 the nom nal interval size is maintained but track to track
errors will grow unbounded. It is understood that in addition to the above
process to renove random error growth, one nust measure and correct for al
systenmati c del ays due to both el ectronic and geonetric effecis as descri bed
earlier. In addition the nethods previously described of "Inproved

\\\\\\
% et on's 15 TR o L0 P Lo 23
shown in Figure 13. The Q%pord|ng §§§>§§§§$§§m pde gnd triggers on
TP 0 which begins gating & pattern generator t*\»%ﬂ\\§§\&_o patwern #0, -
then the next recording hgad:in the stagk is selected and a|second servo
pattern #1 is witten onfRurface #1 and Xxepeated to N surfades. The nunber
Nis limted by the time required to wit#& each surface and|the head sw tch
time. At the end of the Nth §;\N&\§§Sk\hea must be switchgd to the first
surface #0 in time to wite
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TP 1. 29 CLAI M5 1. A nmethod for correcting for systematic errors in
the witing of timng patterns on a rotating disk by a head in a disk
drive, conprising the steps of: witing a first series of trigger patterns
with the head at a first position on af4rgt track of said disk; recording
the time interval between a rotational index related to the rotational
orientation of the disk and at | east one trigger pattern on said first
track; conputing an index correction value fromthe deviation of the tine
i nterval which was recorded froma predeterm ned desired tine interval; and
using said index correction value to s 3K§ngition of each trigger pattern
-written on a subsequent track. 2. A d r correcting for systematic
~errors in the witing of tmflng pat-tet-hRs—eh—a
easure Read/lirite Delay= Drwo

Measur.e Read/Write Non-parallelism=
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on ST #0 102
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?otating disk by a head in a disk drive, conprising the steps of: witing a
first series of trigger patterns with the head on a first track of said
disk; recording a first time interval between a rotational index related to
the rotational orientation of the disk and at |east one trigger pattern on
said first track; witing a second seril@ég1sf trigger patterns with the head
on a second track of said disk; recording a second tine interval between a
rotational index related to the rotational orientation of the disk and at

| east one trigger pattern on said second track; computing an i ndex

correction value fromthe difference between said first ang second recorded
tinme intervals; and using said index correction value to shift |ocation of
each trigger pattern witten on a subsequent track. 3. Al process for self
servowiting a rotating diskj{in a diskjdrive inc]uding a hgad positioned
for interaction with the disk, conprisifng the steps of: w|ting a first set
of trigger patterns on a first tgack; fetermning a read tp wite tine
del ay; : —
—f
=
-
‘§$§§S§§§§&§§§$§§$SSS§Q r~
o
~ e}
. =i
: : — [T}
© | E~ o
L =
£
=
O ﬁ-« m
T S
E—
O
=3
~ p}
\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\@F = .
' E~
N N R o
—_
3
]
p
£~
o
>
)
9]



30 déternining an index correction value; determ ning at | east one random
conputing a set of delay values which are a

function of said read to wite tinme delay, said index correction value and
said at | east one randomerror correction value. triggering fromsaid first
set of trigger patterns and witing a $8¢bhd set of trigger patterns on a

subsequent track using said delay val ues. 4. A process for self
servowiting a rotating disk in a disk drive including a head positioned

for interaction with the disk, conprising the steps of: witing a first set
of trigger patterns_on a,first track; determning a read to wite tine
del ay det erni ni ng an-T nee FCorFEaISo; val Us—fovRe Phqmggggnﬁ_LLég%%gg of
a track width; witing a second set of trigger pattefns. measuring St
ti mes between each first trigger pattern and a foll ow ng second
By 3 A 3 | e o o, oo T
-— | & ar o ar v OO S

error correction val ue;
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trigger pattern and neasuring second tines between each second trigger
.pattern and a followng first trigger pattern; calculating an updated read
to wite tinme delay based on said first tinmes: utilizing said second tines
to determine a deviation froma nomnal interval tinme to conpute random
error correction delay val ues; updatinglifzi® i ndex correction val ues;
conputing a set of delay values to wite trigger patterns on a subsequent
track as a function of the updated read to wite tinme delay, the index
correction value and the random error correction val ues whereby the growth
of random and systematic errors in placenment of said trigger patterns is
elimnated. 5. Thssnezbodcﬂf:ﬁtﬂkﬁb4“ﬂher%EE;EE&gthﬁp of determ ning
read to write tinme delay conprises the steps of . Witing o rrrst—gges
pattern with a wite el enent; witing a second trigger pattern a nom na
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irigger pattern; nmeasuring the time interval between said first and said
second trigger patterns; and conputing a difference between said interval
and the nomnal tine T. 6. A disk drive conprising: a rotating disk
therein, a head radially positioned by an actuator, and a self servo
witten timng pattern witten on said ldi&ls said pattern being witten so
that systematic errors are elimnated; whereby the servo pattern rotation

mat ches the trajectory traced out by the head in its radial notion across
the disk. 7. ~The disk drive of claim®6 wherein said servo pattern is also
witten so that randomerrors in the track to track alignnment of the servo
patterns are statistically ' heir root nean square val ue across

at |east a desired portion urface. 8. The di sk drive of
claim6 wherein said servo | sd Witten so that rafidomerrors in
the track to track alignmept df tlhe serjvolpdtfterns are corrected in a
manner that | eads to a grom h iof errorszgﬁau Is less than the square root
of the track nunber typica oq a(randon IIlq process.
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determining an index correction value;

determining at least one random error correction value; L

- computing a set of delay values which are a function of said read to write time

delay, said index correction value and said at least one random error correction value.

triggering from said first set of trigger patterns and writing a second set of trigger
patterns on a subsequent track using said delay values.
4. A process for self servowriting 2 rotating disk in a disk drive including a head
positioned for interaction with the disk, comprising the steps of:

writing a first set of trigger patterns on a first track;

_determining a read to write time delay

determining an index correction value;

- moving the head a fraction of a track width;

writing a second set of trigger patterns.

measuring first times between each first trigger patiern and a following second
trigger pattern and measuring second times between each second trigger pattern and a
following first trigger pattern;

calculating an updated read to write time delay based on said first times;

utilizing said second times to determine a deviation from a nominal interval time to
compute random error correction delay values;

updating the index correction values;

computing a set of delay values to write trigger patterns on a subsequent track as a
function of the updated read to write time delay, the index correction value and the
random error correction values whereby the growth of random and systematic errors in
placement of said trigger patterns is eliminated.
5.  The method of claim 4 wherein said step of determining read to write time delay

comprises the steps of:

writing a first trigger pattern with a write element;
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