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BACKGROUND OF THE INVENTION

This application is related to U.S. Patent App;ication'
Sexrial No. 08/349;028, of T. Chainer et al., filed on December 2,
1994, entitled "Radial Self-Propagation Pattern Generation for
Disk File Servowriting"”. It is also related to United States
Patent Application Serial No. 08/028,044, filed on Mérch 8, 1993,
entitled “A Method and Systém for Writing a Servo-~Pattern on a
Storage Medium", from which' four divisional applications stem,
one having issued on January 16, 1996 as U.S. Patent No.

5,485,322, all commonly assigned herewith.

Field of the Invention

The invention relates generally to information storage
.devices. More particularly it relates to an improved self-
servowriting system and method for implementation in a storage
device whereln errors introduced into the written position or
servo information are reduced or eliminated. .

Increased levels of storage capacity in storage devices such
as removable disk disk-drives, hard disk drives, and tape drives
are a direct result of the higher track densities possible with
voice-coil and other types of servo positioners as well as the

ability to read and write narrower tracks by using, for example,



voirce-caoil and other types of servo positioners as well as the ability to
read and wite narrower tracks by using, for exanple, 2 magnet oresi stive
(MR) head technol ogy. Head positioning is accurately controlled using
positional information stored on the disk itself, as in dedicated and
enbedded servo architectures. Conventional servo-patterns in an "enbedded
servo" disk drive architecture typically conprise short bursts of a
constant frequency signal, very precisely offset to either side of a data
track's center line. The bursts precede data regions of the track and are
used to align a head with respect to the track center. Staying on .track
centetr is required during both reading and witing for accurate data
storage and retrieval. Since there can be, for exanple, sixty or nore data

regions per track, that, sa er. of servo daja are [ referably
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round, e.g., as a result of spindle wobble, disk slip and/or thermnal

expansi on. Adiskditrelbg\asadnadedisated pansy prheddad |deavodardhiheciuznes.

Conventional servo-patterns in an "embedded servo"™ disk
drive architecture typically co;nprise short bursts of a constant
frequency signal, very precisely offset to either side of a data
track's center line. The bursts precede data regions of the
track and are used to 'align a head with respect to the track
center. Staying on track center is required during both reading
and writing for accurate data -storage and retrieval. Since there
can be, for example, sixty or ;nore data regions per track, that
same number of servo data areas are preferably distributed around.
a track to provide means for a head to follow the track‘'s center
line as the disk rotates, even when the track is out of round,
e.g., as:a result of spindle wobble, disk slip and/or thermal
expansion. BAs technology advances to provide smallexr disk drives
and incréased track densities, the accurate placement of servo
‘data must also increase'proporﬁionately.

Servo-data are conventionally written by costly dedicated
servowriting equipment external fo the disk drive equipped with
large granite blocks for stably supporting the drive and quieting
external vibrational effects. An auxiliary clock heéd is ‘
inserted onto the surface of the recording disk to write a
reference timing pattern, and an external head/arm assembly is
used to precisely position the transducer. The positioner

includes a very accurate lead screw and a laser displacement



and increased track densities, the accurate placenent of servo data mnust

al so increase proportionately. Servo-data are conventionally witten by
costly dedi cated servowiting equi pnment external to the disk drive equi pped
with large granite blocks for stably supporting the drive and quieting
external vibrational effects. An auxiliary clock head is inserted onto the
surface of the recording disk to wite a reference timng pattern, and an
external head/arm assenbly is used to precisely position the transducer.
The positioner includes a very accurate |ead screw and a | aser displacenent
3 neasurenent device for positional 3f eedback. Servotracks are witten on
the nmedia of a head di sk assenbly (HDA) with a specialized servowiter

i nstrunment. Laser positioning feedback is used in such instrunents to read

the actual ph%éé&sﬁf?;g@f?éi&évqgeoffoz.a rﬁo%ﬁ@i&iaﬂgféh%%gﬁk’?eé%rbgtﬂé €akhe

servot racks. vant age of servo witers such as those described is
that they requtittea ohedte media edf iar hEAE Misk amsskilel i (HPApNditheads Wi || be
exposed to the environment to allow the access of the

specialized servowriter instrument. Laser positioning feedback

is used in such instruments to read the actual physical position

of a recording head used to .wr.’;te the servotracks.

A disadvantage of sexrvo writers such as those described is
that-the& require a clean room environment, as the disgk and heads
will be exposed to the environment to allow the access of the
external head and actuator. Additionally, it is becoming more
and more difficult for such servowriters to invade Ehe internal
environment of an HDA for servowriting because the HDAs

; themselves are exceedingly small and dﬁpend on their covers and
castings to be in place for proper operation. Some HDAs, for
instance, are the size and thickness of a plastic credit card.

In view of these challenges, a disk drive able to perform
self~-servo writing would be tremendously advantageous. However,
this approach presents a new set of challenges. Specifically,

- self-servowriting systems are more prone to mechanical
disturbances. Moreover, because of the interdependency of
propagation tracks in self-servowriting, track shape errors
introduced by mechanical disturbances and other factors may be
_aﬁplified from one track to the next when writing the propagation
tracks.

Servopatterns consist of bursts of transitions located at
intervals around the disk surface. In self-propagation, the

radial position signal that is used to servo-control the actuator



external head and actuator. Additionally, it is becom ng nore and nore
difficult for such servowiters to invade the internal environnent of an
HDA for servowiting because the HDAs thensel ves are exceedingly small and
depend on their covers and castings to be in place for proper operation.
Sonme HDAs, for instance, are the size and thickness of a plastic credit
card. In view of these challenges, a disk drive able to performself-servo
writing would be trenendously advant ageous. However, this approach presents
a new set of challenges. Specifically, self-servowiting systens are nore
prone to mechanical disturbances. Mdéeover, because of the interdependency
of propagation tracks in self-servowiting, track shape errors introduced
by nechani cal di sturbances and other factors may be anplified from one

track to the,pext. . n.witing the pro tion tracks. .Servopatterns
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servo-control the actuator 4
servowrite process. That is, the burst edges of a written track
comprise a set of points defining a track shape that the servo
controller will attempt to foliow when writiné the next track.
Thus, errors in the transducer position during burst writing
appear as distortions away from a desired circular track shape.
The servo controller causes the actuator to follow the resulting
non-¢ircular trajectory in a next burst writing step, so that the
new bursts are written at locations reflecting (viahéhe
closed-loop response of the servo loop) the errors present in the
i preceding ﬁtep, as well as in the present step. Consequently,
each step in the process carries a "memory" of all preceding
track shapeée errors. This "memory" depends on the particular
closed~loop response of the servo loop.
A primary requirement in disk files is that each track be
separated at all points by some minimum spacing from adjacent
- tracks. This requirement ensures that neighboring track
information is not detected on readback, resulting in data read
errors, and more importantly, that adjacent track data will never
be gxcessively overlapped during writing, potentially resulting
in permanent loss of user data. In other words, the éetailed
shape of each track relative to its neighbors must be considered,
not just the track to track distance averaged around the whole
disk. Radial separation between adjacent track locations is

determined by the product servopattern written on each track and



s «deriwved from neasurenents of the readback anplitude of patterns that
were witten during a previous step of the servowite process. That is, the
burst edges of a witten track conprise a set of points defining a track
shape that the servo controller will attenpt to foll ow when witing the
next track. Thus, errors in the transducer position during burst witing
appear as distortions away froma desired circular track shape. The servo
controller causes the actuator to follow the resulting non-circular
trajectory in a next burst witing step, so that the new bursts are witten
at locations reflecting (via the closed-Ioop response of the servo | oop)
the ertors present in the preceding step, as well as in the present step.
Consequent |y, each step in the process carries a "nenDry" of aII pr ecedi ng
track shape eLr QL Sy depends, .on .t he partlc ogggt q0p

response of the® servd‘guggﬁnf%aﬁ?‘“’ Re?y et ShE e SHAC8i'S ]SI 1S Chat ‘

each track besseparaitt@dtat dldingOhBtEaiby ifdBPesadlioRl Ik Sixpable cf»f om adj acent
tracks. This requirenment ensures that neighboring track information is not

det ected on rf@éélb'a%na dﬂé!‘yﬁﬂ’:‘ﬂ’g ifnon pexfecthgiverigrdty oant wdid prpsceant |y,
t hat adjacent Ck,Q%F%ﬁ“% cnever be excessively overl apped during
writing, poten a?? & 5 I'n permanent | oss of user data. |In other

words, the detai |1§‘Cl:onsigieration in setting the minimum allowable spacing for
self propagation schemes is the existence of random fluctuations’
about the desired track location resulting from mechanical
disturbances during actual file operation.  Effects that result
in track shape errors. in a self-servowriting system include, for
‘example, include random mechanical motion and modulé'tion in the
width of the written track that results, e.g., from variations in
the properties of the recgrding medium or the flying height of

s the transducer. Random mechanical motion can be lowered using a
high gain servo loop, but this leads to error compounding.
Random mégnetic modu_lation variations reduce the pattern accuracy
of all servowritefs, but error compounding in self-propagation
can further amplify its effects. Uncontrolled growth of such
- érrors can lead to excessive track non~circularity, and in some
cases, may even lead to exponential growth of errors, exceedihg
all error margins and causing the self-propagation process to
fail.

| One of the largest sources of mechanical disturbance in a

disk drive is the turbulent wind generated by the spinning disks
blowing against the actuator. The total amount of fluctuation,
referred to as track misregistration or TMR, defines a relevant

scale for judging the required accuracy of servopattern



shape of each track relative to its neighbors nust be considered, not just
the track to track di stance averaged around the whol e di sk. Radi al
separation between adjacent track |locations is determ ned by the product
servopattern witten on each track and 5 at each angul ar | ocation around
t he di sk, since the servo-control of the actuator during actual file
operation is capable of following distortions fromperfect circularity and
wi || produce m sshapen data tracks. A consideration in setting the mninmm
al l owabl e spacing for self propagation schenes is the existence of random
fluctuations about the desired track |ocation resulting from nechani cal

di sturbances during actual file operatdon. Effects that result in track
shape errors in a self-servowiting systeminclude, for exanple, i ncl ude
randon1nechanical ng on_and nodul at i
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be | owered using a high gain servo | oop, but this leads to error

conpoundi ng. spacing margin will be required as compensation and the total
disk file data capacity will accordingly be reduced. In this
instance, reduction in servopattern errors may substantially
increase file capacity.

Consequently, self-servowriting systems must provide a means
for accurately writing servopatterns while controll‘ing the
propagation of track shape errors. i

One self-servo writing method is disclosed in United States
Patent No. 4,414,589 to Oliver et al., which teaches optimization
of track spacing. Head positioning is achieved in ithe following
manner. First, one of the moving read/write heads is positioned
at a first stop limit in the range of movement of the positioning
means. The head is used to write a first reference track. A
predetermined percentage of amplitude reduction, X%, is selected
that empirically corresponds to the desired average track
-density. The moving head reads the first reference track and is
displaced away from the first stop limit until the amplitude of
the signal from the first reference track is reduced to X% of its
original amplitude. A second reference track is then written by
the head at the new location, read, and the head is aéain
displaced in the same direction until the amplitude of signal
from the second reference track is reduced to X% of its original
value. The process is continued until the disc is filled with

reference tracks. The average track density is checked to insure



I —
Random,magneti ¢ nodul ati on vari ations reduce the pattern accuracy of al
servowiters, but error conpounding in self-propagation can further anplify
its effects. Uncontrolled growth of such errors can | ead to excessive track
non-circularity, and in sone cases, may even |lead to exponential growth of
errors, exceeding all error margins and causing the self-propagation
process to fail. One of the | argest sources of nechanical disturbance in a
disk drive is the turbulent wi nd generated by the spinning disks bl ow ng
agai nst the actuator. The total amount of fluctuation, referred to as track
m sregistration or TVMR, defines a relgvant scale far judging the required

accuracy of servopattern 6 placenent. If servopattern placenent errors
are roughly equal to or greater than the TMR, then a substantial fraction
of the track spacing in wll be required as conpensatlon and. t he total

disk file dat¥tcdbats t‘V AP 2 REESCHETYNGS RS CPRERRISH TaRge O the (figsdxed,
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or too low, the disk?is erased, the X% value is appropriately
lowered or increased, and the process is repeated. 1If the
average track density 'is withiﬁ the predetermined acceptaﬁie
range, the desired reduction rate X% for a -given average track
density has been determined and the servo writer may then proceed
to the servo writing steps. '

U.S. Patént Nos. 4,912,576 to Janz and 5,448',4_29 to Cribbs
et al. describe methods for writing a servo-pattern'with a disk
drive's own pair of transducers. Three types of servo-patterns
are used to gene;ate~three—phaseisignals that provide a ,

. difference signal having a slope directly proportional to
velocity. Janz observes that the signal level from a tfansducer
is a meésure of its alignment with a particular pattern recorded
on the disk. For example, if the flux gap sweeps only forty
percentiéf a pattern, then the read voltage will.be forty percent

* of the voltage maximum obtainable when the transducer is aligned
dead—-center with the pattern. Janz uses this phenomenon to |
position the heads by straddling two of three offset and
stgggered patterns along a centerline path intended fér data
tracks. 1In a preferred process, Janz describes a dedicated servo
architecture wherein one side of a disk is reserved for servo and
the other side for data. The disk drive includes two transducers
on oppoéite surfaces that share a common actuator. To format an

erased disk for data initialization, a first phase servo is



Consequently, self-servowiting systens nust provide a means for accurately
writing servopatterns while controlling the propagation of track shape
errors. One self-servo witing method is disclosed in United States Patent
No. 4,414,589 to Aiver et al., which teaches optim zation of track

spaci ng. Head positioning is achieved in the follow ng manner. First, one
of the noving read/wite heads is positioned at a first stop limt in the
range of novenent of the positioning neans. The head is used to wite a
first reference track. A predeterm ”e% per cent age of_ anplitude reduction,
X% is selected that enpirically corresponds to the desired average track
density: The noving head reads the first reference track and is displ aced
away fromthe first stop limt until the anplitude of the signal fromthe
first reference,track s reduced.to X% of its original |itude. A second
ref erence trgg%t}t‘ggt%eﬁﬁﬁﬁeﬁvé)nSB§lletai1%e aﬁe%ﬁ}eﬁtec{%é n'ghv? I%%gﬁ?ﬁ;uocr?,rsr%’é%l, and
the head is agahmméliesPliaceshiarivyhensammsdis actiuk, Uns i indiBet& Dy thde of
signal fromthe second reference track is reduced to X% of its original

val ue. The prfdzetsphasecsarvetragdkuarplitude, dindca ifdrét|datd-tradk def er ence

tracks. The %‘é%{,%&&d tornaghe dcfarl-.séi tsttla.s %gc r%gsagcérgsgéee again moved
radially inward one half of a t;i:ack, this time as indicated by
the first data-track amplitude, and a second phase servotréck is
recorded on the servo side. This seguence is repeated until both
surfaces are entirely written. If too few or too many tracks are
written, the disk is reformatted with a slight adjustment to the
step width, as determined by the track count. Once the disk
drive has been formatted with an entire compliment of properly.
spaced servotracks, the data-tracks are erased in preparation for
receiving user éata. Unfortunately, the method déescribed by Janz
requires a dedicated disk surface for servotracks and two heads
working in tquem. Moreover, transducer flying height
variations, spindle runout, and media inconsistencies can corrupt
radial position determinations that rely 6n a simple reading of
- off~track read signal amplitudes. Prior art methods do not
address these issues and are therefore inadequate for high
perfo;mance disk drives applications.

Cribbs et al. teaches a hard disk drive system with self-
servowriting capability comprising a rotating fecording disk, "’
transducer in communication with the disk surface, servo-actuator
means for radially sweeping the transducer over the surface, a
variable gain read amplifier (VGA) coupled to the transducer, an

analog to digital converter (ADC) coupled to the VGA, an erase



7 that it is within a predeterm ned acceptable range of the desired average
track density.. If the average track density is too high dr too | ow, the
disk is erased, the X% value is appropriately |lowered or increased, and the
process is repeated. If the average track density is within the
predet erm ned acceptable range, the desired reduction rate X% for a given
average track density has been determ ned and the servo witer may then
proceed to the servo witing steps. U S. Patent Nos. 4,912,576 to Janz and
5,448,429 to Cribbs et al. describe nethods for witing a servo-pattern
~wth a disk drive's own pair of transducers. Three types of servo-patterns
are used to generate three-phase signals that provide a difference signa
havi.ng a slope directly proportional to velocity. Janz observes that the

signal level fffefc) Nad4G5r i ouP1BRAMERe YrahdducRll BOFBRL ehd thef of
particular pattern recorded on the disk. For exanple, if the flux “gap

sweeps only fhet gipkirasrfacel a npatckgr fior sheringhéigisad swipusgeappdarihg forty:

percent of the v Itacg, maél_num obt ai nabl e when _the transducer is aligned
atter

“ dead-center T fh A CORFPLASE LT LT AOn3A LR R oFe TV ~AEE YN tPhe
heads by stragldld Rg ¥ haidi 65%QkisA tAB0 result in transducer read

amplitudes that are a percentaée of previous read anlplitud'es
represent in the digital memory.

-The prior art fails to solve the problem of random - -
mechanical motion resulting: in reduced disk file capacity, or to
address  the relationship between random mechanical motion and
error compounding. It a.lso fails to addréss the réiationship

: between magnetic write width modulation and error compounding, or
even error compounding viewed independent}y.!

Accordingly, what is needed is a self-servowriting system
and method which overcomes the preceding problems to provide a
highly 56cu:ate and cost effective positioning system applicable
to not only hard disk drives, but also to other storage devices

wherein head positioning is achieved using similar principles.

Summary of the Invention
;t is the principal object of this invention to provide an
improved method and system by which errors introduced into
poéition oxr servo information can be kept to a minimﬁm in self-
servowriting storage devices.
Accordingly, the present invention is a self-servowriting
method and system having one or more of the following improved

features: 1) optimized transducer write current and frequency



staggered patterns along a centerline path intended for data tracks. In a
preferred process, Janz descri bes a dedicated servo architecture wherein
one side of a disk is reserved for servo and the other side for data. The
di sk drive includes two transducers on opposite surfaces that share a
common actuator. To format an erased disk for data initialization, a first
phase servo is witten on the servo side at an outer edge. The
transducers are then noved-in radially one half of a track, as indicated by
the first phase servotrack anplitude, and a first data-track is recorded on
the data side. The transducers are agalh noved radially inward one hal f of
atrack, this time as indicated by the first data-track anplitude, and a
second phase servotrack is recorded on the servo side. This sequence is
repeated until both surfaces are entire] o few or._too many

witten. If t
tracks are wEPFtRPINFEd reike) widih Bﬁoﬁﬁ{%éanil/vizt)h°%t’§'f‘1'z§ﬁts%’dﬁ°ﬁ§fﬁ’e’?ﬁ to the

step width, agydelLwThiRdzdY rhi8oh TAChafiRd N vitPBE ot Nandl $K AlipVEedtas been
formatted with an entire conplinment of properly spaced servotracks, the

dat a-tracks eheckimsdéd ehimpmapear tite dntfatuct boeioli bargss errokst dn product
pnfortunatelgér5ggzégzgn9d descri bed by Janz
Description-of the Drawings

For a fuller understanding of the nature and advantages of
the present invention, as well as the preferred mode of use,
reference should be made to the following detailed description
read in conjunction with the accompanying drawings.

Fig. 1 is a block diagram of a self-servowrititrg system
suitable for .practicing the éresent invention;

Fig. 2 is a diagram illdstrating the relationship between
propagation tracks, disk sectors and propagation bursts in a
self-servowriting system suitable for practicing the present
inventioh;

Fig. 3A is a flow diagram of the basic process steps for a
self—sefbowriting system suitable for practicing the present

*invention;

Fig. 3B is a detailed functional block diagram of the
pPreferred servowriting system for implementing the preéent
invention; '

Fig. 3C is a flow diagram for a self-servowritiﬁg system
incorporating the improvements of the present invention;

Fig. 3D is a flow diagram of the preferred segquence for
selecting write current and write frequency according to the

teachings of the present invention;



requires a dedicated di sk surface for .servotracks and two heads working in
tandem Moreover, transducer flying height variations, spindle runout, and
medi a i nconsi stencies can corrupt radial position determ nations that rely
on a sinmple reading of off-track read signal anplitudes. Prior art nethods
do not address these issues and are therefore inadequate for high
performance di sk drives applications. Cribbs et al. teaches a hard disk
drive systemwi th self- servowiting capability conprising a rotating
recordi ng disk, transducer in comrunication with the disk surface,
servo-actuator neans for radially sweeping the transducer over the surface,
a variable gain read anplifier (VGA) coupled to the transducer, an anal og
to digital converter (ADC) coupled to the VGA an erase 9 frequency

oscillator coupleg,to 5{;‘&5} %agigucﬂa 9h GRS %%:ieggr%t&tsggu%lcsek 3" f ace, a
menory for storing gigl ar® Su pd?s appearing at.the , and a controller
for signali ngsélectiRigVoh@iHAbEr a st draYe dedibslGtcbidiml tPOEHhd. iteashingd
result in transducer read anplitudes that are a percentage of previous read
anpl i t udes of the present invention; _ '
’ Fig. 44 shows the relative offsets of th; read and write

elements in a dual element-hea& suitable for.practiéing the

present invention; _ '

Fig. 4B is a graph illustrating a variation in readback
signal amplitude as the actuator changes position across the disk
in a self-servowriting system suitable for practicing the present
invention;

Fig. 5:illustrates the relative locations of the bursts in a
six~-burst propagation pattern suitable for practicing the present
invention;

Figs. 6A and 6B are circumferential sections of a track with
different write width modulation;

Fig. 7 illustrates track squeeze resulting from write width
modulation;

Fig. BA is an illustration of a properly positioned product
servopattern burst versus a radially offset burst;

Fig. 8B is a control system diagram of a servo loop showing
the manner in which the readback signals from the bursts in Fig.
8A are combined to form a position error signal suitéble for
practicing the present invention;

Fig. 9 illustrates track squeeze resulting from track

misregistration.



represent in the digital nmenory. The prior art fails to solve the problem
of random nechani cal notion resulting in reduced disk file capacity, or to
address the rel ati onshi p between random nechani cal notion and error
compounding. It also fails to address the relationship between magnetic
wite wdth nodul ati on and error conpoundi ng, or even error conpoundi ng

vi ewed i ndependently. Accordingly, what is needed is a self-servowiting
system and met hod whi ch overcones the preceding problens to provide a

hi ghly accurate and cost effective positioning system applicable to not
only hard disk drives, but also to othd? storage devi'ces wherein head

posi tioning is'achieved using simlar principles. Sunmary of the Invention
It is the principal object of this invention to provide an inproved nethod
and system by which errors introduced into $05|t|on or servo |nfornat|on

can be kept to a mi nPRIARLEA RR$FEiREIPH Ry the rRFeferred Enbedineg
nccordingly, the Bigeflled RYEDIA Ukel InfrdiBhd éﬁ,ewog/vrgetlsfnge,izfowgéi@nd system

havi ng one or nore o oW ng rove features opti mzed
transducer wapmratuseaid agthdd equnag that described in U.S. Patent

Application Serial Nos. 08/349,028 and 08/405,261. Accordingly,
the undexrlying inventions of those applications will be described

to set the stage for the proposed modificationms.

I. Self-Servowriting Disk Drives
Fig. 1 provides tﬁe majof components of the preferred
self-propagating disk drive servo-writing system fof practicing
the present invention. A -disk drive 20 éomprises a recording
; transducer 22, voice coil actuator 24, rgcording medium 26,
servopattern demodulator 27, and read/write control electronics
28. The normal operating functions of these elements are well
understood in the disk drive industry. The disk drive 20 is
connected “to a time delay unit 31 in series with a pattern
generatdi 30, which is clocked by a timing controller 32. The
" timing controller 32, under the direction of a microprocessor
sequence controller 33, allows bursts of magnetic transitioné to
be recorded at precisely controlled times. For the puiposes of
radial self-propagation burst writing and detection, fhe timing
controller comprises, for example, the AM3513A system timing
controller manufactured by Advanced Micrc Devices Corporation of
Sunnyvale, California, which is simply synchronized to a once per
revolution index timing mark. It shall be understood, however,

that the writing of actual product servopatterns regquires much



10 for minimzed wite width nodulation; 2) optimzed servowiting RPMfor
m ni m zed random nmechani cal vibration; and 3) clip | evel checking to
elimnate the introduction of large errors in product servopattern
Description of the Drawings For a fuller understanding of the nature and
advant ages of the present invention, as well as the preferred node of use,
reference should be nmade to the followi ng detail ed description read in
conjunction with the acconpanying drawings. Fig. 1 is a block diagramof a
self-servowiting systemsuitable for practicing the present invention;
Fig..2 is a diagramillustrating the rH ati onshi p. bet ween propagati on
tracks, disk sectors and propagation bursts in a self-servowiting system
suitable for practicing the pr esent invention Fig 3A is a flow diagram of

the basic pr OEP%&& %@ﬁl t%gif ar!&"@;‘g"%r ySt auéﬁeabs'e%véor
practicing the presen B eta &%t unctitonal bl ock
di agr am of t hmqsmﬁffeaaexzbrs qrﬂsws | éﬂ&%&:ﬁ%ﬁ%ﬁ@ﬁ@ rﬁHa@ﬁeQﬁdrﬂ&d’[ Berws esent
patterns. Methods for achieving such precise timing control
using the internal disk file recording transducer, in a manner
consistent with self—prOpagatit;n are described in U.S. Patent No.
5,485,322 and-are expressly incorporated herein by reference.

A readback signal from the read/write electronics 28 is
provided to'an amplitude- demodulator circuit 34, and its
amplitude is converted to a digital walue by an analog-to~digital
converter (ADC) 36 at times determined by timing controller 32
acting in concert with the sequence controller 33 (e.g. when the

et head is gassing over a burst pattern on the disk). The digitized
outpiat of ADC 36 is provided to a divider 40. The divider 40
divides Ehe signal by a digitized normalization value stored in
memory 58. .The output of divider 42 is provided to a subtractor
40, which subtracts the digital input value from a reference
value ﬁétrieved from memory 38 to create the position erxor
* signal (PES). These functions are described in greater detail
. subsequently. “

The PES is provided to a digital servo controller 44 which
converts it into an appropriate corrective control signal. The
.corrective signal is then converted to analog form 5y a digital
to analog converter (DAC) 46, and is further amplified and
converted to a current by a VCM driver 48, The driver current is

applied to voice coil actuator 24 in the disk file causing



inventian; Fig. 3Cis a flow diagramfor a self-servowiting system
I ncorporating the inprovenents of the present invention; Fig. 3Dis a flow
di agram of the preferred sequence for selecting wite current and wite
frequency according to the teachings of the present invention; Fig. 3E
Is a flow diagram of the preferred sequence for selecting the RPM of a
st orage device according to the teachings of the present invention; Fig. 4A
shows the relative offsets of the read and wite elenents in a dual el enent
head suitable for. practicing the present invention; Firg. 4B is a graph
illustrating a variation in readback sld4gnal anplitude as the actuator
chandges position across the disk in a self-servowiting system suitable for
practicing the present invention; Fig. 5 illustrates the relative |ocations
of the bursts in a six-burst progagation pattern suitable for practicing
the present Fﬁg%;ﬁ*thtransducer 2 o move approximately radially with
respect to recording medium 26.
Sequence controller 33 provides computation capabilities for
general use in determining modifications to the stored reference
table values, for determining appropriate delay settings to be
applied to timing delay unit 31, and for producing control
signals for pattern generator 30. Preferably, the functions of
divider 40, subtractor 42, and digital servo controller 44 are
all achieved through the appropriate programming of sequence
controller 33. -
Fig. 2 shows a diagram of a portion of recording medium 26
s including a number of propagation tracks represented by dotted ;
lines 111, 112, 113, etc. Each trdck comprises a number of
sectors, with a first sector 101 typically coming immediately
after thé disk rotation index as determined, for example, by an
index pulse from the disk spindle motor driver or from the timing
controller. Each sector is further divided into two regions: a
‘first region 103 containing bursts comprising, for example, a
recognizable series of magnetic transitions, and a second region
104. The propagation bursts define propagation tracks for use in
accurately positioning the head to write product servdpatterns.
Region 104 is reserved for use by the precision timing
propagation system and for actual product servopattern, which
includes, for example, sector ID fields and a pattern such as an

amplitude burst or phase encoded pattern. Preferably,

propagation burst areas 103 will be overwritten with user data



Figs. 6A and 6B are circunferential sections of a track with different
wite width nodulation; Fig. 7 illustrates track squeeze resulting from
wite width nodulation; Fig. 8Ais an illustration of a properly positioned
product servopattern burst versus a radially offset burst; Fig. 8Bis a
control system diagram of a servo |oop showi ng the manner in which the
readback signals fromthe bursts in Fig. 8A are conbined to forma position
error signal suitable for practicing the present invention; Fig. 9
illustrates track squeeze resulting fr®mtrack misregistration. 12
Det ai |l ed Description of the Preferred Enbodi nents D sclosed herein are

| nprovenents to a self-servowiting apparatus and nmet hod such as that
described in U S, Patent Application Serial Nos. 08/349,028 and 08/ 405, 261.

pecor LAl Y, A< RIREESRS MV B0l T PRBL £l ol | e
containing the product servopattern will also be overwritten with
user data. .

« Each propagation burst:region. 103 is.further divided into a
number of slots 105-110 within.-which propagation bursts
{1,8,C,D,E, and F). are written. The propagation track pitch in
Fig. 2 is preferat;ly one-quarter of the assigned data track
piteh. That:is, if.the first user data: trac}: is centéred on
propagation track 112, the next data track will be centered on
propagation track ‘116 providing a 1/4 track sep'aration between
the propagation .tracks 113 and 114, and ‘so on .across the disk.
The preferred pr&pagation burst patterniconsists of a repeating
sequence of 6 bursts as shown in Fig. 2. .This is useful because
the bursts, which are nonoverlapping in;the radial direction,
allow the recording transducer to radially back up and check
previously written bursts.

A typical number of sectors is 120 and a typical disk

- rotation rate is 5400 rpm, fraﬁslating into about 92 microseconds
per sector. A typical slot time, i.e., the duration of.time.for
the slot to pass a fixed point of reference in the
ci;cumferential direction, is 7 microseconds. The slot time is
preferably longer than the duration of a product ser§opattern.
burst, since longer bursts extend filtering time during
demodulation. More filtering time results in a higher signal to
noise ratio, which simpiifies some of the digital servo loop

computation, particularly with regard to determining derivative



. Self-Servowiting Disk Drives Fig. 1 provides the major conponents of
the preferred self-propagating disk drive servo-witing systemfor
practicing the present invention. A disk drive 20 conprises a recording
transducer 22, voice coil actuator 24, recording nmedium 26, servopattern
denodul at or 27, and read/wite control electronics 28. The nornal operating
functions of these elenents are well understood in the disk drive industry.
The disk drive 20 is connected to a tinme delay unit 31 in series with a
pattern generator 30, which is clocked by a timng controller 32. The
timng controller 32, under the direction of a mcroprocessor sequence
controller 33, allows bursts of magnetijg transitions to be recorded at
precisely controlled tines For the purposes of radial self propagati on

bur st I ti d t he ti f
he: AVBSL3A SJEL BRI RY ntoLiSHEr BPFES SHERCY aLPLTRa by IVahEalP PP Doy cbs

Cor por ati on OfgeH W&aEﬁacgaa':.‘tﬁoé%ﬁ\de\ﬁh%%abﬁi%hnﬁﬁﬁ’st%yBQ&E(Q Ring@twinl @
once per revolution index timng mark shal | be understood, however,
that the wit bagowirwgitben l@teductHa@mveopditt eilils beeepdargtopd dihat

shorter burst times may be used if more time is needed for timing
marks and product servopattern~writing to regions 104.

Referring now to Fig. 32, an iterative self-propagation
process is shown. In a first step 136, the recording transducer
is located at either the outermost accessible track (OD) or
innermost accessible track (ID) of the disk file with the
actuator being pushed against a physical stop to léék it against
mechanical disturbances. In a next step 132, a first propagation
track 111 (Fig. 2) is written with A bursts in the first slot of
each propagation burst region. Aléo, the first portion of the
product servopattern is written within region 104 of eéch sector
together with the precision timing marks. These preferably
occupy only a small portion at the beginning of region 104 on the
same sﬁrface as the propagation burst patterns and are written

- during the same revolution of the disk. If other recording
surfaces are to be written within a stack of disks, these a:é
preferably written next with product servopatterns {but not
timing marks) in successive disk rotations by switching the write
.e@lectronics to select each recording transducer in ﬁurn. The
first revolution, or series of revolutions for multiple disks, is
referred to as a write revolution.

The next revolution of the disk is referred to as a

normalization revolution and is indicated as step 134 in Fig. 3A.



13 tighter timng control, particularly when witing the servo
identification fields and whenever witing phase encoded servo patterns.

Met hods for achieving such precise timng control using the internal disk
file recording transducer, in a manner consistent with sel f-propagation are
described in U S. Patent No. 5,485,322 and are expressly incorporated
herein by reference. A readback signal fromthe read/wite el ectronics 28
is provided to an anplitude denodul ator circuit 34, and its anplitude is
converted to a digital value by an anal og-to-digital converter (ADC) 36 at
times determined by timing controller 3% acting in concert with the
sequence controller 33 (e.g. when the head is passing over a burst pattern-
on the disk). The digitized output of ADC 36 is provided to a divider 40.
The divider 40 divides the signal by a digitized normnalization value stored
in menory 38. InTHLSH SRRt e g@wde‘r imread pednianddsedieacs tantael ber 43,

whi ch subt racéigﬁm %gl&?(lh dﬁnggt 1%%11:5% ftfz%f%é ﬁ%}“"gaiﬁe 4 et ri eved

frommenory 3 0 creat e pos n error srgnal e€se functions

are descri bedréﬂdrg!’cﬂﬁbegnﬂﬁt@h:ﬂn{juhﬁéa&liﬁﬂﬁ lsYot ¥ ek¥1S destor pui.ded ¢ a
digital servo controller 44 which converts it into an appropriate -
corrective conbrepray” ‘gnafhesmdigital sample values are stored in a

propagation burst amplitude normalization table in memory 38.
(See table 360 in Fig. 3B). An improved normalization method is
disclosed in-related copending applicﬁtion serial no. 08/677,144
filed concurrently herewith.

After all sectors have been read in the normalization
revolution but before the first propagation burst ré'gion 103 of
the next revolution, parameters used in the servo control voli.:age
calculation are é?t equal to predetermined values ("step !

parameters") that provide rapid motion and settling. This is
shown as step 136 in Fig. 3A. ‘As an example, servo parameters
similar to those used in the operation of the disk file would
work well as step parameters.
The next revolution of the disk is referred to as a "step
- revolution" and is shown as stép 138. Some of the key
servowr;ting elements involved in the execution of this step"are
shown in Fig. 3B. Referring to both Figs. 3A and 3B, at the
beginning of the step revolution 138, memory 38 contains not only
the normalization table 360, but also a preloaded reference value
table 362 holding a list of reference values, f0-fn, for each of
the sectors, 0-n. Initially, the reference values, f0-fn, are
all assigned to a same value representative of the anticipated

amplitude reduction of the readback signal if sensed from the



correctiwve signal is then converted to analog formby a digital to anal og
converter (DAC) 46, and is further anplified and converted to a current by
a VCM driver 48. The driver current is applied to voice coil actuator 24 in
the disk file causing 14 recording transducer 22 to nove approxi mately
radially with respect to recordi ng nedium 26. Sequence controller 33

provi des conputation capabilities for general use in determning

nodi fications to the stored reference table values, for determning
appropriate delay settings to be appligd to timng delay unit 31, and for
produci ng control signals for pattern %enerator 30. Preferably, the
functions of divider 40, subtractor 42, and digital servo controller 44 are
al | achi eved through the appropriate progranm ng of sequence controller 33.
Fig. 2 shows a diagram of a portion of recording nedium 26 including a
nunber of pr opritaPreRagatdels traph ddd@nt Rirhys ddet TP rpe_lutipn 3139, 113,
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and the reference value table 362 sector by sector, routing an
appropriate normalization value, valn 374, to the divider 40 and
a corresponding reduction factt;r, Fn 376, to subtractor 42,
During the first iteration of the servowriting sequence, the set
of normalization values obtained from the A bursts, aval0-avaln,
will be used. Concurrently, ADC 36 continues to digitize the
readback signal 364 from the A bursts under the sequence
controller's 33 direction, producing readback signaliAcu:r 366
having an amplitude of some magnitude. :The divider 40 receives
%curr 366, divides 1t by the normalization vélue, valn 374, and
provides the result, a propagation burst fractional amplitude X
368, to subtractor 42. The subtractor 42, in turn, receives X
. 368, and subtracts it from the reference value, Fn 376. The
result provides a position error signal, PES 370, which will be
available at the subtractor 42 output when recording transducer
- 22 reaches the end of each proéagation burst region 103. At this
' time, sequence controller 33 signals digital servo controlle£ 44
to read the PES 370 and to compute a new control voltaée setting.
The control voltage 372, adjusted after each sector,.drives
actuator 24 in a direction that reduces the PES 370, i.e., toward
propagation track 112.
The actuator 24 typically settles_onto the next propagation
track 112 in about one quarter of a disk revolution. At that

time, in a next step 140 of Fig. 3A, the parameters of the servo



after the disk rotation index as determ ned, for exanple, by an index pulse
fromthe disk spindle notor driver or fromthe timng controller. Each
sector is further divided into two regions: a first region 103 contai ni ng
bursts conprising, for exanple, a recognizable series of magnetic
transitions, and a second region 104. The propagation bursts define
propagation tracks for use in accurately positioning the head to wite
product servopatterns. Region 104 is reserved for use by the precision
timng propagation systemand for actual product servopattern, which

i ncludes, for exanple, sector IDfield8 and a pattern such as an anplitude
burst or phase encoded pattern. Preferably, propagation burst areas 103
will be overwitten with user data 15 after servowiting. Al of region

104 except for the part contajning.,the product servgpattern will_also be
overw itten W¥HFEGLeVokR9g cELTH F‘Bﬁa@%T ??ﬁ’f’gﬂﬁ‘?ﬁ dﬁgﬁ‘?’iﬁﬁ‘tlﬁgt i% furt her
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parameters :are-tailored to provide rejection of mechanical
disturbances without amplification of track shape errors. The
manner in which they are deterﬁined will be described
subsequently. Even ‘though the step to the next propagation track
takes less than-a‘ full revolution, it -simplifies matters to allow
the revolution to complete .before writing the next set-of bursts.

At this.point only a single propagation track has been
written so the result of a dgciéion step 142 comparing the number
of data tracks written with fhe total number of tracks to be
wiitten is necessarily negative and the process returns to write
revolution step 132. .In this second write revolution, the
sequence controller 33 sigﬁals pattern generator 30 to write
bursts of transitions, B, in the second slot of each sector. As
before, precision timing marks and product servopattern are

f'writtenrin regions 104 on the same recording surface, and only

" product servopattern on the reﬁaining recording suxrfaces.

Throughout this write revolution, ADC 36 continues to digitiié
the A bursts and servo controller 44 maintains actuator 24 in a
position such that transducer 22 stays close to the desired
location of track 112. The PES values obtained duriﬁg this write
revolution are recorded in a table in memory 38 for later use in
calculating new reference values.

The next revolution is again a normalization revolution,

step 134. 1In this iteration, the ADC 36 digitizes both the A & B



Fige 2 iis preferably one-quarter of the assigned data track pitch. That
Is, if the first user data track is centered on propagation track 112, the
next data track will be centered on propagation track 116 providing a 1/4
track separation between the propagation tracks 113 and 114, and so on
across the disk. The preferred propagation burst pattern consists of a
repeati ng sequence of 6 bursts as shown in Fig. 2. This is useful because
the bursts, which are nonoverlapping in the radial direction, allowthe
recordi ng transducer to radially backkQup and check previously witten
bursts. A typical nunber of sectors is 120 and a typical disk rotation rate
is 5400 rpm translating intd about 92 microseconds per sector. A typical
slot time, i.e., the duration of tinme for the slot to pass a fixed point of
reference in_the cirgunferential directiqn, The sl ot

. is 7.m croseconds.
time is pref Byxih ¢mp hfg‘?é_jrest'hﬁﬁq’rf@ GhPaR i 8ﬁ55fa"91b?‘b‘{fﬁctms§ﬁ/opat tern
burst, sincepbaitisabié:s taneX! 66l f Mbhfdiing, (4HE s8¥d N8og CEdHEIhabs O More
filtering time results in a higher signal to noise ratio, which sinplifies
sone of the trark foliew weingoPES ormlueat capptehfrpputler Rybursth regard to
det ermi ni ng gr%prxii\é%tdleg,e the stored A burst norma;ization values, and the
stored reference values. Preférably, new reference values are
also computed during this revolution. Each new table value is set
equal to a nominal average reference value determined previously
to be appropriate for the desired average track spacing in this
region of the disk, plus a correction value, The correction
value may comprise, for example, a predetermined fraction of the
previously stored PES value for the corresponding sector obtained
during the préceding write operation. Alternatively,.it is
computed using a digital filtéring algorithm which is dependent
on the closed loop transfer function of the servo loop, as
described in- the referenced co-pending applications. The
algorithm is applied to the entire set of PES values stored
during fhe preceding write revolution. Preferably, corrective
- value calculations are initiated during the write revolution 132
and completed sector by sector during the step revolution 135)
updating the reference value table just prior to computation of
the control voltage.
Switching now to the B bursts for PES computatiéns, the
process repeats, i.e., another step revolution is executed (step
138) wherein transducer 22 steps to the next propagation track,
followed by a write revolution, step 132, in which C bursts,

timing marks and product servopatterns are written. This



16 ‘or velocity related servo terns. Mreover, there is no | oss of user data
space with expanded propagation bursts since they will be overwitten

| ater. However, it will be understood that shorter burst tines nmay be used
if nmore time is needed for timng marks and product servopattern witing to
regions 104. Referring nowto Fig. 3A, an iterative self-propagation
process is shown. In a first step 130, the recording transducer is |ocated
at either the outernost accessible track (OD) or innernost accessible track
(ID) of the disk file with the actuator being pushed agai nst a physi cal
stop to lock it against mechanical di%turbances. In'a next step 132, a
first propagafion track 111 (Fig. 2) is witten with A bursts in the first
sl ot of each propagation burst region. Al so, the first portion of the

product servopattern is witten wthin regiqn 104 qf e §P ector, t oget her
B Th the' pr ecTRRRPE v ke, Al dsiay & BBFSEc LUpEL G, S8° iRy
portion at thfudpedl BRI M O0krs@H HavéOfeddNuiNReA iR sUEIAFEMS (b8
propagation burst patterns and are witten during the sane revol uti on of
the disk. |f answer abcinradisignsitdraddd andetexmipating ttherpxacessnat sitepck of

di sks, these Al preferably witten next with product servopatterns (but
not : ' )

In the -discussion so far, it has been assumed that theé
recording read transducer and write transducer are one and the
same, as in-the typical inductive read/write element commonly
used. Relatively recently, however, "dual element" transducers
employing separate read and write elements such as magneto-
resistive (MR) transducers have come into use, and féquire
special attention with regard to the determination and control of

i propggation track spacing by means of r}ominal average reference
value settings. Fig. 4A is a representation of an MR transducer
wherein the read and write elements, 420, 422 have different
widths, Wr and Ww, respectively, and a relative offset, Wo,
between their respective central axes, a and b. Fig. 4B
graphically represents a variation in the normalized readback

-- amplitude from the read element 420, and the effect of the head
offsets., Readback amplitude is indicated along the y-axis 462,
with change in the position of the actuator indicated by the x-
axis 404. The actuator position Xo=0.0 corresponds to the
actuator position during a write operation. The flﬁt portion of
curve 406 represents the range of actuator movement in which the
read element is radially aligned inside the written pattern to
produce the best readback signal, and is equal to Ww-Wr as

indicated.



timng marks)
el ectronics t

I n successive disk rotations by switching the wite
o0 sel ect each recording transducer in turn. The first

revolution, or series of revolutions for multiple disks, is referred to as

awite revol

ution. The next revolution of the disk is referred to as a

normal i zation revolution and is indicated as step 134 in Fig. 3A 17
this step, the head is in read node and sequence controller 33 signals-the

ADC 36 to sanple and digitize the denodul ated readback signa

first slot of

each sector, i.e., the "A burst”. These digital sanple

during the

In

values are stored in a propagation burst_anplitude nornmalization table in
-menory 38. (See table 360 in Fig. 3B). An inproved normalization nethod is

di sclosed in
concurrently

normal i zati on revdfufPIHhbe BRRRDE: FEOT FIgg

rel at ed copendi ng application serial no. 08/ 677,144, filed
herewith, After all sectors have Been read in th

of the next rgyAlrenitOReqBeaTRS SfehctiSE hdrli dI@rSEIvE] 88NdnAlituakt age
calculation are set equal to predetermned values ("step

reduction depends on read element width, write element width,
relative offset, and direction of motion. It is desirable,
however, that the propagation irack spacing be determined only by
the read and write element widths, and not by head offset, since
the apparent offset of tﬂe heads in a rotary actuator disk drive
changes as the actuator sweeps from the outermost to the
innermost track in a disk file. That is, the spatial separation
of the read and write elements along the actuator arm direction
leads to different projected locations of these elements onto the
disk track along the arc defined by the actuator arm motion.
Dependency. on read to write element offset may be eliminated in a
manner wﬁich requires no prior knowledge of the precise geometry
of the head and which can be achieved solely through measurements
of the normalized readback amplitude or signal, as described in

co-pending application serial no. 08/343%,028. But for

- completeness, this approach will be described next with reference

to Fig. 5.
Fig. 5 illustrates the manner in which a six burst

prqpagation burst- region is used to write data tracks during

self-servowriting. Each propagation burst (A-F) is fadially

displaced from an adjacent burst by a step comprising 1/4 of the
desired data track pitch. Track pitch 520 comprises the write
element width {(which determines the width of the data track) plus

the desired radial distance or separation 516 between adjacent

s tad oW%WgPaT'%’Qi on 103



paranmeters”) that provide rapid notion and settling. This is shown as step
136 in Fig. 3A. As an exanple, servo paraneters simlar to those used in
the operation of the disk file would work well as step paraneters. The next
revolution of the disk is referred to as a "step revolution” and is shown
as step 138. Sone of the key servowiting elenents involved in the
execution of this step are shown in Fig. 3B. Referring to both Figs. 3A
and 3B, at the beginning of the step revolution 138, nenory 38 contai ns not
only the nornalization table 360, but also a prel oaded reference val ue
table 362 holding a list of referenceyyalues, fO-fn, for each of the
sectors, O-n. Initially, the reference values, fOfn, are all assigned to a
same val ue representative of the anticipated anplitude reduction of the

readback  si gnagtafte%gg%if%htheme rAGiA1Cttady 8 BpgRtLan b Hholitd-pdMI1 1 NG

the step revolutio séquence ‘contro roug
normal i zat i Onsuﬁfﬂc&eaﬁ()t@.mi:e'&rbﬁtrﬁﬁﬁeﬁm vabtieritabbe aijacenctiaacky sector,
routing an approprlate normal i zati on value, valn 374, to the divider 40 and
uring a-track write operation,- as prev1ously discussed. Slnce
the bursts are radially spaced by 1/4 of the desired track pltch,
the write head is first aligned with burst A when writing data
track 504. ©Next, the write head is aligned with a burst four
steps or propagation tracks away, which in this case is burst.E,
when writing the next data track 506:
Pairs of burst patterns that are radially separated from one
another by three 1/4 -track steps line up along a common edge.
For example, propagation bursts A& and D share a common edge along
dotted line 512, Burst patterns 508, 510 are relatively
positioned to preserve this relationship. For example, burst D
of pattern 508 and burst A of pattern 510 are also radially
aligned elong a common edge.
If the read element 514 is positioned with respect to burst
pattern 510 so that the normalized readback amplitude from burst
- A equals the normalized readback amplitude from burst D (the aA=D
position) then the relative normalized signal is 0.5 if the edges
linelup, greater than 0.5 if the edges overlap, and less than 0.5
if the edges have space between. Thus, the relative normalized
_signal at the A=D position may be used as an indicator of whether
the propagation track pitch is too small or too large, and track
pitch can be corrected by using this relative signal to adjust
the nominal average reference value used to calculate reference

values during propagation. If the normalized readback amplitudes



a correspondi ng reduction factor, Fn 376, to subtractor 42. During the
first iteration of the servowiting sequence, the set of normalization
val ues obtained fromthe A bursts, aval 0-avaln, will be used. Concurrently,
ADC 36 continues to digitize the readback signal 364 fromthe A bursts
under the sequence controller's 33 direction, producing readback signal
Acurr 366 having an anplitude of sone nagnitude. The divider 40 receives
Acurr 366, divides it by the nornalization value, valn 374, and provides
the result, a propagation burst fractigpal anplitude X 368, to subtractor
42. The subtractor 42, in turn, receives X 368, and subtracts it fromthe
reference value, Fn 376. The result provides a position error signal, PES
370, which will be available at the subtractor 42 out put when recording

t d 22 hes. 1 h t bur st 103. At thi
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the PES 370 aﬂ%ﬁrplﬁoﬁﬂ?t @83, N %Qﬁﬁééh{en’éoizi 2H€ rioRiihhNCavelge cont rol
vol tage 372, adjusted after each secCtor, drives actuator 24 in a direction

that reduces teéferREEe 37Juei can be mmpldtqsir Gpay &he grelat vk nbrmalized act uat or
2 YRl R R S AL PR Bk 112 0 sbout ore
thé paranmeters of ghherSf¥6nship may be better understood by noting that a
change in nominal average reference value by an amount r results
in a change in the relative normalized. signal at the A=D position
of 3r/2, since each of the three steps, A to B, B to C, and C to
D, contributes a spacing change equal to r, and these changes are
shared equally by & and D. The nominal average refé}ence level
should therefore be adjusted by an amount equal to 2/3 of the
wised ) deviation of the rela.ttive normalized sig'n,al at the fA=D position
from its desired level.

Returning now to the self-servowriting process, .the improved
servowriiing-sequence is illustrated in Fig. 3C. The sequence is
similar to that of Fig. 3A. However, the start block 130 now
includeé a step 302 for selecting an RPM to reduce randonm

‘mechanical noise, and a step 304 for selecting a write current I
and write frequency f to reduce write width modulation. 1In
addition, the write revolution 306 of this sequence includes
clip-level checking. These modifications will be described in

-greater detail below.



19 control voltage calculation are assigned a different set of paraneters,

' The propagation paraneters are tailored to
tion of nmechani cal disturbances without anplification of track
The manner in which they are determned will be described

| .e. "propagation paraneters".

provi de rejec
shape errors.
subsequent | y.
| ess than a f

to conplete before witing the next set of bursts.
singl e propagation track has been witten so the result of a decision step
142 conparing the nunber of data tracks witten with the total _nunmber of
witten is necessarily neﬁ%tive and the process returns to
ion step 132. 1In this second wite revolution, the seguence
controller 33 iiggﬁ%; gattern.genenator 30 to wite bursts of transitions,
bhu Epn efcKrike "HAth Yedupabigte precision tining narks
QYWQPﬁéigéfbﬁﬂaeIﬂf$fﬁ%¥16£n regions 104 on the .same recording

ern on the remai ning recordi ng surfaces.

tracks to be
wite revol ut

B, in the sec
and.product s
surface, and

Even though the step to the next propagation track takes

ull revolution, it sinplifies matters to allow the revol ution
At this point only a

on]y product servopat
- Variations in the width of writtgn bursts, referred to as

write wi&th modulation, m;y vary thé location of propagation
burst ‘edgés -relative to track center, as shown in Figs. 6A and
6B. *The solirce of‘write width fiodulation may be mechanical, e.qg.
due‘td’variations in’ £ly 'héight,”or magnetic, e.g. due to
variations fn'magnetic propeérties across the storage medium.
Fig: 6A shows ‘a-circumferential region of the track where the
widthg-of'bﬁrst§ia{ B and C are narrower than averaéé and Figure
6B  shows a circumferential :egion’of the same track where the
burst 'widths are wider than average. Variations in propagation
burst width-'cause a corresponding variation in the readback
signal amplitude derived from the burst pattern. Since ﬁhe
normalizéd readback amplitude is indicative of transducer 620
positiop relative to the storage medium, the variation will

provide an erroneous position reading. This, in turn, will cause

"modulation of the PES réSultiné in inappropriate adjustments to

the transducer 620 position.
-A representation of a pair of propagation tracks ?24, 726

showing the effects of write width modulation is pro#ided in Fig.

7. BAs is readily apparent, the write width modulation may cause

the separation 721 between adjacent tracks to fall below
acceptable margins. This phenomenon is referred to as "track

squeeze"” and may result inadvertent overwriting of an adjacent

track.

......



Throughout this wite revolution, ADC 36 continues to digitize the A bursts
and servo controller 44 maintains actuator 24 in a position such that
transducer 22 stays close to the desired location of track 112. The PES

val ues obtained during this wite revolution are recorded in a table in
menory 38 for later use in calculating new reference val ues. The next
revolution is again a normalization revolution, step 134. 1In this
iteration, the ADC 36 digitizes both the A & B 20 burst anplitudes,
storing the B burst anplitudes in the normalization table 360. Meanwhil e,
the servo |l oop continues to track foll ow using PES val ues conputed fromthe
A burst anplitudes, the stored A burs2bnormalization values, and the stored
ref erence values. Preferably, new reference val ues are al so conputed during
this revolution. Each new table value is set equal to a nom nal average

ref erence val ue determ ned previously to be appropriate for t.he desired

aver age trapkxfmc&agr&;’én;egitsf&eggeg?c w88 a8 8K rritblls @ correction val ue.
The correction value nay conprise, for exanple, a predeterm ned fraction of
t he- In an attempt to minimize the effects of write width

| modulation, an improvement is proposed for the described self-
propagating system. Through ol;servation it has been determined

that write width modulation varies with write freguency and write
current. Hence tﬁe 1mpr§venient comprises optimizing these
parameters by empirically determining a combination of write

current and write frequency values which minimizes the measured
occurrence of write width modulatioh. Ooptimization -.may ‘be

performed, for éxample, during the start sequence {step 130) of
self-servowriting, or alternatively, when the storage device is

being manufactu:;ed.

An example of an optimization sequence suitable for
practicihg the proposed improvement is shown in Fig. 3D. First,
an index n is initialized to zero, and the frequency, current,
and write width modulation are set to predetermined nominal

-initial values fnom, Inom, and§Wnom, as shown in step 352.
Although the seguence of Fig. 3C is described in terms of a
single index, n, it shall be understood that this implémentation
was chosen for simplicity of explanation, and that nested looping
-with separate indices for frequency and current may ﬁe used if
desired to maximize the number of current/fregquency combinations
tested,

In a next step 354, a plurality of propagation tracks are

written to the disk, and the resulting average write width



previ ously stored PES val ue for the correspondi ng sector obtained during
the preceding wite operation. Alternatively, it is conputed using a
digital filtering algorithmwhich is dependent on the closed | oop transfer
function of the servo | oop, as described in the referenced co-pending
applications. The algorithmis applied to the entire set of PES val ues
stored during the preceding wite revolution. Preferably, corrective val ue
calculations are initiated during the wite revolution 132 and conpl et ed
sector by sector during the step revojution 138, updating the reference
val ue table just prior to conmputation of the control voltage. Sw tching now
to the B bursts for PES conputations, the process repeats, i.e., another
step revolution is executed (step 138) wherein transducer 22 steps to the

next propagat,j : 1 Lte.revolution, i.n which
C bursts; ti r#ér%l%r%?ﬁ}g’ gﬁ%d&?}é‘g&g}ﬁg%sr%ga ttgﬁnés)gdér’egaﬁ t tag’ﬁ?}% é’e 21
continues (Wddschibed sdubskahémtiyng Rekt) $fheUféddurbowntias wedtmunber of

data tracks have been witten, resulting in a yes
: modulation Wmod(n) is less.than the previously o?tained va}ue (ox
in this case, the initial value) of Wmod, Wmod ié assigned.the
newly measured value and the cérresponding index value is ‘saved
for later reference (step 358). In a next step 360, the index is
incremented by one-and. compéz_:ed to-the maximum index value to
determine whether testing is cémplete. If testing is not
complete, the test .traces are.erased-and the write current and
write frequency are assigned to a new set of valueé; £(n) and
I(n) (step 364). .éteps 354-362 are then repeated until testing
is completedf At that time, c?ntrol flows to step 366, wherein
lfrequency and .current are assigned toc the values I(s) and £i{s).,
Which cbrrespond«to the.smallest Wmod measured during testing.
modulation. .
Write width modulation is measured by track following with

any dual burst form of servo, e.g. A=C, A=D, etc, and comparing
. the relative normalized readbadk signal to a nominal readback
signal. A nominal readback signal is simply the relative
normalized signal expected when the propagation bursts are
p;operly aligned with respect to track center 622 and are of an
_ideal or average width (transverse to the track). Referring back
to Figs 6A and 6B, it can be seen that the sum of the burst
readings, A+C, decreases relative to that of nominal burst

readings where tracks widths are low, and increases where tracks

widths are high. Thus the variation of A+C around a track is an



answer at' decision step 142 and termnating the process at step 144. In the
di scussion so far, it has been assuned that the recording read transducer
and wite transducer are one and the sanme, as in the typical inductive
read/ wite el enent comonly used. Relatively recently, however, "dual

el ement” transducers enpl oying separate read and wite elenments such as
magnet o- resistive (MR) transducers have cone into use, and require speci al
attention with regard to the determi nation and control of propagation track
spaci ng by nmeans of nom nal average repgrence value settings. Fig. 4Ais a
representation of an MR transducer wherein the read and wite el enents,

420, 422 have different widths, W and Wy, réspectively, and a rel ative

of fset, W), between their respective central axes, a and b. Fig. 4B

raphically represents. a varjiation int nor i.zed regdback a I tude
19 rolron t he rgad'%g gﬁ‘g'?\tc’sﬁfﬁ?e%%%&tehgré% é”ggtl?)fmc’g%,eatl”fgﬁd oqafggg?gsfe’gggaback
anpl i tude i s meadhbaket ahOaty I1RgY et kiR iMEIdieChaRGPehBable pOSition of
the actuator indicated by the x- axis 404. The actuator position Xo=0.0
corresponds tcompaRente thabragsoduei ofoxigrarpiea Yo imechanisadt dbsturbfheed | at

ortion of c 406 resents the_range of .actuator venent in which the
Iroead el enent #’og'g‘r’%’gﬁ a“l%§ g T one§ TR d‘eeg?ﬁsear\’m?Y tA'ER2Par e FRET SVeT

. groups of tracks. Thus this component may essentially eliminated

-

by taking a sector by sector average of the A+C over a group of
tracks. For averaging, the number of tracké will depend upon
variables such as servo system bandwidth and track density. For
example, averaging over 50 tracks was found to sufficiently
reduce the nonrepeatable component in a disk drive ﬁéving 89

sectors and a track density of 5250 tpi.

IIT. Measurement of Closed Loop System Regsponse

As desciibed in copending application serial nos. 08/349,028
and 08/06/405,261, the net effect of the written burst location
errors is to produce a non-circular trajectory that the.servo
Toop atfémpts to follow. Hence the errors act as an additional
‘reference signal. The response to the non-circular trajectory is
given by the closed loop response of the system. Normally, it is
desired that the closed loop response of a servo loop be exactly
equal to unity (in which case the controller gain would approach
infinity). Such a system produces an output that exéctly follows
the desired trajectory and is infinitely stiff against
disturbances.

In reality, only a finite controller gain can be used, and

it must be frequency dependent to avoid loop instability arising



produce t he best readback signal, and is equal to W+ W as i ndicated. 22
As shoul d be apparent from Figs. 4A and 4B, the actuator novenent required
to reach a particular |level of anplitude reduction depends on read el enent
width, wite element width, relative offset, and direction of nmotion. It is
desirabl e, however, that the propagation track spacing be determ ned only
by the read and wite elenent widths, and not by head offset, since the
apparent offset of the heads in a rotary actuator disk drive changes as the
actuat or sweeps fromthe outernost to2%e innernost track in a disk file.
That is, the spatial separation of the read and wite el enents along the
actuator armdirection leads to different projected |ocations of these

el enents onto the disk track along the arc defined by the actuator arm

notion. Depeng@esf una@bid&d bha¥éidia sekepent , gfdsselvareebBasky.m nated in a
manner which requires no prior know edge of the precise geonetry of the

hedd and whi chyriaalbeenehiloppdappl idariong odghlutdagudsriedise ogfctupgor

nornelized regdback. @Rl L8, Ofe 31 I8k e 3358855% PE4d Brovide optimal
rejection of.mechanical disturbances within the constraints of a
finite sampling rate, and the iesulting closed loop response -
rises significan;ly above .unity (1.5 or more) over a fairly broad
range of frequencies. No drastic conseﬁnences arise from this
approach during disk file operation..-.

.. In self-servowriting, however, the response to a
n_on—circglar trajectory. at a given propagation track.is
reproduced in the writing offthe next propagation track, and_that.
response is reproduced yet.agéin on the next propagation track.

it Sinceithe closed loop, response corresponds to a step-to-step
error amplification factor, an error at one propagation track
will appear N propagation tracks later as the erroi multiplied by
the clqéed loop response raised to the Nth power., Thus, if the
magnitude of the closed loop response exceeds unity, any error
.will grow indefinitely. On the other hand, if the closed loop
response is less than unity, errors are still compounded, but the
effect of an error at any one step eventually decays. -Thug error
compoﬁnding is effectively limited to a finite number of steps n.

Roughly speaking, n is given by unity divided by the amount

by which the closed loop response differs from unity. For
example, a closed loop response of 0.99 yields n=100. Systematic
errors such as written track width modulation will therefore grow

by a factor of about n. Under these conditions, the track to



co-pending application serial no. 08/349,028. But for conpleteness, this
approach will be described next with reference to Fig. 5. Fig. 5
illustrates the manner in which a six burst propagation burst region is
used to wite data tracks during self-servowiting. Each propagation burst
(A-F) is radially displaced froman adjacent burst by a step conprising 1/4
of the desired data track pitch. Track pitch 520 conprises the wite

el enent width (which determnes the width of the data track) plus the
desired radi al distance or separation 516 between adjacent 23 data
tracks 502, 504. The radial track sepéfation 516 should be sufficient to
prevent accidental overwite of adjacent tracks during a track wite
operation, as previously-discussed. Since the bursts are radially spaced by
1/4 of the desired track pitch, the wite head is first aligned with burst
A when witi BERHREETRF abk s3031 apbte sead waid @nhedkhe deas i ghrdagemt h a bur st

four Steps Of sRLORIOTLIONL BEKS: M MbFhded ILIniR86ds PYLRL: B ihen

the effect of written track width modulation is limited to a

small percentage, a substantial growth can be tolerated without

exceeding the absolute circulafity limit of roughly one track

spacing. However, it is desirable to measure and minimize the

# write width modulation to produce the minimum non-circularity by
adjustment of write current or frequency or both, as previously
discussed.

Viewed as a time waveform, the written burst lgbation error
trajectory is a perfectly repeﬁitive function with a repeat
frequency equal to the rotation frequency of the disk. A
principle of Fourier analysis is that any such repetitive
waveform has a frequency spectrum containing non-zero amplitudes
only at the discrete set of frequencies corresponding to integer
multiples of the repeat frequency, in this case the disk rotation
frequency. Thus, the relevant frequencies at which the closed

- loop response must be kept below unity are all integral multiples
of the disk rotation frequency. As a frequency dependent )
quantity, the closed loop response C is actually a vector of
complex numbers having both a magnitude and a phase, with each
element of the vector corresponding to a particular multiple of
the rotation frequency. It is the magnitude of each element of
the vector that must be less than unity.

Choosing thg servo loop parameters to ensure that the closed

loop response is less than unity during writing is a simple



Pai.rs of. burst patterns that are radially separated from one anot her by
three 1/4 track steps line up along a cormmon edge. For exanpl e, propagation
bursts A and D share a conmon edge al ong dotted |line 512. Burst patterns
508, 510 are relatively positioned to preserve this relationship. For
exanple, burst D of pattern 508 and burst A of pattern 510 are al so
radially aligned along a conmon edge. If the read el enent 514 is positioned
with respect to burst pattern 510 so that the normalized readback anplitude
fromburst A equals the normalized readback anplitude frromburst D (the A=D
position) then the relative normalized signal is 0.5 if the edges |ine up,
greater than 0.5 if the edges overlap, and less than 0.5 if the edges have
space between. Thus, the relative normalized signal at the A=D position may
be used as an indicator of whether the propagation track pitch is too snal
or too | arge, ™Hh@df EBgk RFovédes an shbstatiek redushionsiingrandos nrefhanigal

signal to adiust e pAmAaL, AYehage L SLerangey VAl Y iear Lapalal ate
reference val ues during propagation. Tt hE Nor mal ized T eadback anpl i't udes
24 inclusion of correction values wheh computing new reference- '
values in step 140 of*Fig. 3A, alters the situatfon. "“As
previously discussed, each'new:reference track table value is
. preferably ‘set equal to arnominal average reference wvalue-plus a
corrective-value. "Also previously noted, the corrective value
may simply comprisé a predéetermined fraction; “f of the previously
recorded PES va%ue for the;corresponding sector. This épproach
is relatively straightforward, since the PES readinés are
utilized directly as a time waveform. In this case, the
step-to-step ‘error amplification factor, S, no longer Equals the
closed loop iesponse, C, -as it contains an additional term-equal
to f(l-C): 'Consequenﬁly, S=C+f{1-C) must have a magnitude of -
less than unity 'at 'all integral multiples of the rotation
frequency.
In the formula above, §, like C, is a vector of complex
" elements, while the factor f, éeing frequency independent and
containing no phase shifts, is a single, real-valued term, As
such, it is not possible to find an £ wherein the magnitude of
every element of the vector S is less than unity (exgépt for
special cases, e.g. when the magnitude of all elements of C are
all >1 or all <l). Thus, calculating corrective values as a
fraction of the previous PES values is useful in certain

circumstances and offers the virtue of simplicity, but fails to

provide a general capability of ensuring bounded error growth



vary linearly wth position (a fairly good approxi mati on, as shown in Fig.
4B), the adjustnent in the nom nal average reference val ue can be conputed
fromthe relative nornalized signal at the A=D position. (See Fig. 6B.) The
rel ati onship may be better understood by noting that a change in nom nal
average reference value by an amount r results in a change in the relative
normal i zed signal at the A=D position of 3r/2, since each of the three
steps, Ato B, Bto C, and Cto D, contributes a spacing change equal to r,
and these changes are shared equally by A and D. The nom nal average
reference | evel should therefore be adjusted by an amount equal to 2/3 of
"the deviation of the relative nornmalizgd signal at the A=D position from
its desired level. Returning now to the self-servowiting process, the

i mproved servowriting sequence is illustrated in Fig. 3C. The sequence is
sinilar to t¥REetPETFVEEh DAgh BRIy Serve Rer§eHIaNC| BE Fhigh HAWTRER TR a

Step 302 foropql eatb0g h:BEME A Rduse: handam FRahanieay noise, and a step
304 for selecting a wite c rrent ] and Wit e f requency to reduce wite
wi dt h nodul at i on.TheBe agibiriticoiingd tayr bé @ebeMalduby Ared@bn@ ftheh vactws wENCce
i ncl udes clip-1evel checking. These nodifications will be described in
great er det aPFeOughy recorded PES values as a repetitive time waveform and
by digitally.filtering it to p:;oduce. the reference table
correction values. This method is equivalent to generalizing the
factor £, such that it also becomes a vector with complex-valued
elements. Many possibilities for a digital filtering algorithm
exist, but one which provides total flexibility for choosing f at
all necessary frequencies (i.e., mult.ip:!.es of the rotation
frequency) is to compute the coefficienﬁs of the discrete Fourier
transform of the waveform Qf PES values, multiply each by a
complex-valued scale factor (the set of which comprise f), and
then invert the transform using the scaled coefficients to
produce:a filtered time waveform. The new reference track table
values gré-then computed by adding this filtered waveform to the
nominal éverage reference level. A description of the discrete
- Fourier transform and the formilae associated with it can be
found in "The Electrical Engineering Handbook" published by dRC
Press of Boca Raton.
Rapid and efficient computation algorithms such as the Fast
Fourier Transform may be used to perform the requisite
calculations, but in practice it is found that only a limited
number of frequency coefficients, corresponding to perhaps as

many as the first 6 or 8 multiples of the rotation frequency, are

usually required. To ensure bounded error growth, only



254 1. Reduction of Wite Wdth Mdulation II.A Background Information
Variations in the wdth of witten bursts, referred to as wite wdth.
nodul ati on, may vary the |ocation of propagation burst edges relative to
track center, as shown in Figs. 6A and 6B. The source of wite width
nodul ati on may be nechanical, e.g. due to variations in fly height, or
magnetic, e.g. due to variations in nagnetic properties across the storage
medium Fig. 6A shows a circunferential region of the track where the

wi dths of bursts A, B and C are narrower than average and Figure 6B shows a
circunferential region of the sane trask where the burst widths are w der
t-han average. Variations in propagation burst width cause a correspondi ng
variation in the readback signal anplitude derived fromthe burst pattern
Since the norpalized readback anplitude is indicative of_ transducer 620
position rel afFsA¥epsiehats il hfe BROR tudp ot £Pe A0SR QAP BRERANEE an

.erroneous Poséiée%sr&?ﬂéﬁ%e NS pd 3 &ﬂ{dla."“dh'e FAURE PO AhQ Arot he PES
resultind in I napproprirate a Justnen?s 0
for other frequencies, and corresponds to simply truncating the
Fourier series tfansformations.

The filtering-technique déscribed above allows one to set
specific values for the elements of S. .The closed loop response
can be édjusted by means of the servo parameters to provide a
desired level of mechanical disturbénce_rejection, then the
appropriate values for f can be computed using the formula
£=(5-C)/(1-C). Unbounded growth of errors is avoided by keeping
the magnitude of all elements of the vector S less than unity, so :
this is a primary consideration. In considering the growth of
systematic errors such as write width modulation, the error in
track shape levels off at a value equal to the base write width
modulation times (1+C-S)/(1-8), where the base write width
modulation is the amount of track width modulation that occurs at
each write step. The net track shape error is therefore very

- large if 8 is close to 1. Conversely, the cumulative effect of
random mechanical motion is magnified if the step factor is )
chosen to be nearly zero, especially if C is close to 1. This
occurs because the factor f itself becomes very large if C is
<close to 1, |

A particular choice of S that has been found to give
excellent results with the disk files studied so far is 0.9.

This reflects the fact that it is more important to keep random

errors small than it is to maintain absolute circularity of the



the transducer 620 position. A representation of a pair of propagation
tracks 724, 726 show ng the effects of wite width nodulation is provided
in Fig. 7. As is readily apparent, the wite wi dth nodul ati on nay cause the
separation 721 between adjacent tracks to fall bel ow acceptabl e nmargins.
Thi s phenonenon is referred to as "track squeeze" and may result

i nadvertent overwiting of an adjacent track. 26 11.B. Inprovenent for
Reduced Modul ation Errors In an attenpt to mnimze the effects of wite
wi dth nodul ation, an inprovenent is pgpposed for the described self-
propagating system Through observation it has been determned that wite
wi dth nodulation varies with wite frequency and wite current. Hence the
i nprovenent conprises opt|n12|ng t hese paraneters by enplrlcally

det er i ni ng g coubi NALL.00.0 WLl e, ChE 19al.ARd W e bhenusagy, vl ues whi ch

m ni m zes t hé neasur ceuf rence 6 modur at 1-on. ‘m zat i on
may be perf ofdtides! OHiLYAEREE, ardU b PO 1108 SHodkks &a:quenaﬁcr( opepmi)) of
rejection of random mechanical motion). Other choices of step
factor 8, including complex-valued ones, may prove to be optimum
depending or the detalls of thé disk file he#ds, recoxrding ‘imedia,
and mechanical properties.
An improved method for measuring‘the closed loop response of
a servo system during self-servowriting is disclosed in related
co-pending patent application serial no. 98/677,144 (IBM Ref. No.

§A9-95-075), filed concurrently herewith.



self-servowiting, or alternatively, when the storage device is being

manuf actured. An exanple of an optim zation sequence suitable for
practicing the proposed inprovenent is shown in Fig. 3D. First, an index n
is initialized to zero, and the frequency, current, and wite wi dth

nodul ation are set to predeterm ned nomnal initial values fnom Inom and
Whom as shown in step 352. Although the sequence of Fig. 3Cis described
in ternms of a single index, n, it shall be understood that this

i npl ement ati on was chosen for sinplicity of explanation, and that nested

| oopi ng with separate indices for fretuency and current nmay be used if
desired to maxi m ze the nunber of current/frequency conbinations tested. In
a next step 354, a plurality of propagation tracks are witten to the di sk,

and the res#é%i§%§?¥§géggay%£t§¥ﬁM dth 27 nodul ation, Wwd(n), is

measured (s In"a manner to be described subsequently. Next, if
the nmeasur edrwal.! 8avkgtdbndDENE Xirda@BotVDd(N) is less than the previously

obt ai ned val ue (or

' Disturbances experienced by the described self-propagating
servo system may cauée the actuator to deviate from the ideal
propagation track. These occuérences are referred to as track
misregistration (TMR) and will result in mispositioned write °
bursts. Subsequent readback of mispositioned bursts in the next
propagation cycle results in an offset or "modulated" position
signal which is similar to the modulation resulting from write
width modulation.

Fig. 8A illustrates a properly positioned burst 802 and a

i mis-positioned burst 804 resultigg from TMR. When centered on . ;
the desiied propagation track a distance X from the preceding
propagation track, the recording transducer 808 reads bhack a
relative amplitude R for the properly positioned burst 802.

Since this is the desired location, this relative amplitude
equals ﬁhe reference value, resulting in zero PES. However, the

- mis-positioned burst 804, havidg its edge shifted an amount E
from the desired propagation track location 806 relative to the
width of the transducer 808, results in a relative readback
signal of R+E.

Referring now to Fig. 8B, a block diagram is shéwn of a
servo control loop representative of the improved self-
servowriting system of the present invention. Control systems
are described generall§ in the book "Modern Control Engineering"

by K. Ogata published by Prentiss-Hall corporation of Englewcod



in this case, the initial value) of Wrod, Wmod is assigned the newWy
nmeasured val ue and the correspondi ng i ndex value is saved for |ater
reference (step 358). In a next step 360, the index is increnmented by one
and conpared to the maxi mumindex value to determ ne whether testing is
conplete. If testing is not conplete, the test trades are erased and the
wite current and wite frequency are assigned to a new set of values, f(n)
and I (n) (step 364). Steps 354-362 are then repeated until testing is
conpleted. At that time, control flows to step 366, wherein frequency and
current are assigned to the values |(s¥ and f(s), which correspond to the
smal | est Whod neasured during testing. nodulation. Wite wi dth nodul ation
is measured by track following with any dual burst formof servo, e.g. A=C

A=D, etc, and_conparing the relative normalijzed readback signal to a
noni nal readﬁééﬁf%@{jﬁa eri?Yhorﬁfhal IWaI%R”sﬂrgﬁé‘P GoPPE L FR5 Flﬁhéa]r el ative

normal i zed si,gnol SxReG] £l WISIpADG 0 ORAYR LIS B8 BhaREF I96:al | gned

W th respect center are or an | average w

(transverse icompitsds aakt)atorRQﬂEHid @cbaditgt trank@scdrAz2and 13, plantcan be
seen that the sum of the burst read;%gs, A+C, decreases relative to that of
noni nal bur s PUFREH* FELTRRANE st Ehe |RbSRILEES ORIt Op Rf t&'ﬁd’?‘?ﬂﬁ"é&Ses where

:tracks transducer in units of relative head width. During
self-propagation, the only observable signal is the position of
transducer 22 relative to recording medium 26, but it is useful
to consider the absolute position X for the purposes of analysis
of servo loop performance. A loop summing point 856 is
explicitly included to account for the relative natéie of the
observed position signal. Thus the observed position signal
equals the sum of the absolute position X and the burst position
error E. This signal X+E is combined at a standard loop
reference summing point 854 with the reference value R to form
the posikion-error signal or PES. 1In usunal fashion the sign
shown next to the incoming arrows at a summing point represents a
sign factor to apply to each signal before summing, hence the PES

- equals R-(X+E). !
An example of a propagation track 920 showing the effecfé of
TMR is provided in Fig. 9 relative to an ideal propagation track
922. As is readily apparent, TMR may cause the separ&tion 921
between adjacent tracks to fall below acceptable margins, i.e.

‘track squeeze'.

IV.B. Improvement to Minimize Mechanical Noise

Another proposed improvement to the described self-



wi dt hs are high. Thus the variation of A+C around a track is an 28

I ndi ci um of repeatable wite w dth nodul ati on. O course, the neasurenent
on any single track may include nonrepeatabl e conponents that are due, for
exanpl e, to nechanical disturbances. However, such randomerrors
necessarily average to zero over groups of tracks. Thus this conponent may
essentially elimnated by taking a sector by sector average of the A+C over
a group of tracks. For averaging, the nunmber of tracks w |l depend upon
vari abl es such as servo system bandwi dth and track density. For exanple,
averagi ng over 50 tracks was found to,sufficiently reduce the nonrepeatable
conponent in a disk drive having 89 séctors and a track dénsity of 5250
tpi. 1l1l1. Measurenent of Cl osed Loop System Response As described in
copendi ng application serial nos. 08/ 349,028 and 08/ 08/ 405, 261, the net
effect of thPTIPPEREIPHEYEESR JOFt FERAREMPorE PELEHSpPEJRER2R RN- ci r cul ar

trajectory thilsthbBas@ls’9s! QR mhi AP oh G Shhéd nbERGA hien&IdRr s act as
an additional reference signal. The response to the non-circular trajectory

is . This is achieved by empirical selection of the storage device RPM
found to minimize the excitation of mechanical disturbances in
the disk drive itself. 3Such selection is performed, for example,
in the start sequence 130 of Fig. 3a, or alternatively, at the
time of manufacture of the self-servowriting storage device. The
principle of this invention may be applied to a variety of
storage devices having rotatable storage mediums (e.g. disk
drives and tape drives).

TMR is.measured, for example, as described in US Patent
_4,939,599, entitled Method and Apparatus for Measuring Dynamic
lTrack Misregistration. TMR may also be determined from the servo

position error signa. An RPM opfimization sequence using the
latter approgcﬁ is shown in Fig. 3E. In the first two steps 370,
372, the disk drive RPM is set to a first of a series of RPM
settingé, RPM(I). Next 374, the closed loop of the servo system
- is determined as described preéiously. Alternatively, the closed
loop measurement may be made for a nominal RPM prior to entefing
the optimization seguence. In the following step 376, the
average position error signal PESave(n) for each sector 1-N is
.obtained by averaging the sector PES values over sevéral
rotations of the disk. Then the nonrepeatable components of the
PES waveform, PESNR(n), are obtained in a next step 378 by
subtrac¢ting each average PESave(n) value from its corrésponding

sector PES(n). The mechanical input noise or TMR indicator,



gi ven by the cl osed | oop response of the system Normally, it is desired
that the closed | oop response of a servo | oop be exactly equal to unity (in
whi ch case the controller gain would approach infinity). Such a system
produces an output that exactly follows the desired trajectory and is
infinitely stiff against disturbances. In reality, only a finite controller
gain can be used, and it nust be frequency dependent to avoid |oop
instability arising 29 from unavoi dabl e phase shifts (i.e., positive
feedback). In typical servo |loop applications, including disk file actuator
servos, the primary performance objec éve Is to provide optimal rejection
of mechani cal di sturbances within the"constraints of a finite sanpling
rate, and the resulting closed |oop response rises significantly above
unity (1.5 or nore) over a fairly broad range of frequencies. No drastic
consequences TR( Sk, ffaanthai enraept oBldh s¢btingg REMKI)f L6 echepecatdwmtetin
self-servowitin however

S e O | B0 S NEYEL o181 LESRASE 52 Bef W SHESH b aliAliSE By 2 2
- , as shown in step 380. 1In each iteration of the sequence, if
the TMR indicator, TMR(I), has a smaller value than the TMR value
obtained for. the last RPM(I-I); then RPMopt is set to the ﬁresent
RPM setting, RPM({I) at step 382. If all desired RPM settings
have been tested, i.e., i<imax 384, the sequence terminates.
Otherwise, I is incremented and the sequence repeats for the next
RPM setting, RPM(I). It shall be understood that a value for C

other than unity may be selected to optimize the measurement of

the mechanical noise input.

V. Clip Level Correction
Referring back to Fig. 2, the self-servowrite process writes
propagaﬁion bursts in region 103 in the same revolution as it is
generating the product servo patterns in region 104. Whilé
errors dﬁe to random mechanical noise are prevented from growing
" by the propagation algorithis described above, the product
pattern will still contain the track to track random noise. -in
addition, if the system experiences a large mechanical'input
event, the product servopattern will also be written.ﬁith the
error.
Thus another improvement to the system is proposed wherein
the effects of random noise mechanical disturbances on product
servopattern are removed by providing clip level checking in the

write revolution step 132. 1In the event that the PES records an



reproduced in the witing of the next propagation track, and that. response
I s reproduced yet again on the next propagation track. Since the closed

| oop response corresponds to a step-to-step error anplification factor, an
error at one propagation track will appear N propagation tracks |ater as
the error nmultiplied by the closed | oop response raised to the Nth power.
Thus, if the magni tude of the closed | oop response exceeds unity, any error
will growindefinitely. On the other H&nd, if the cl osed | oop response is

| ess than unity, errors are still conpounded, but the effect of an error at
any one step eventually decays. Thus error conpounding is effectively
limted to a finite nunber of steps n. Roughly speaking, n is given by
unity divided by the anount by which the closed | oop response differs from
unity. For exa a cl osed | oop response of 0.99 ¥ie|ds n=100. Systematic

| e
errors such &ETQFi ¥ (EhpatprRcRISA at APATddrdt FBRT M9, ThErRAGFES gr ow by a
factor of abqutminatfidanat Qfﬁﬁn@orﬁgi {138%sed QEc iy 30K Fi retagné raek, error

is still quite small, and only tthe | ess stringent Iimt on absolute track
circularity neddebeelzonsheeakicbweBi oLip level. On a subsequent revolution,

. the writing of servo patterns resumes, preferably at the same

point where the write inhibit Qas invoked. Failure of the 'system
to return below a predetermined clip level after a predefined-
period of time causes the self-propagation sequence to terminate.

Hence addition of this step prevents large errors from being

written into the product pattern.

VI. Conclusion

In summary; controlling the growth of errors is critical in
a typical disk file requiring mény thousands of stéps to
servowrite. Thus it is important to recognize that error growth
is attributable to the special properties of servo loops as
applied to a repetitive self-propagation process, and that such
error grbwth may be remedied. Remedies include, for example,

" adjusting the servo loop paraméters to produce a desired closed
loop response, and digitally filtering the PES recorded duriﬁé
the write revolution to compute corrections to the reference
track table values such that the step factor does not exceed
unity at any relevant frequency. The effectiveness of these
remedies is further enhanced by the proposed improvements of 1)
optimizing the write current and write frequency to mininmize
write width modulation; 2) optimizing the servowriting RPM to

minimize random mechanical vibration; and 3) providing a clip



thee effect of witten track wdth nodulationis [imted to a small
percentage, a substantial growth can be tolerated w thout exceeding the
absolute circularity limt of roughly one track spaci ng. However, it is
desirable to neasure and mnimze the wite width nodul ation to produce the
m ni mum non-circularity by adjustnent of wite current or frequency or
both, as previously discussed. Viewed as a tine waveform the witten burst
| ocation error trajectory is a perfecé y repetitive function with a repeat
frequency equal to the rotation frequéncy of the disk. A principle of
Fourier analysis is that any such repetitive waveform has a frequency
spectrum cont di ni ng non-zero anplitudes only at the discrete set of
frequencies corresponding to integer nmultiples of the repeat frequency, in
this case the disk rotation frequency. Thus, the relevant frequencies at
whi ch the cl 4888 |DEF*r B hiSdnAtR (EHfe LKEFEIBEIBW TiniaFge a# & P| 11 nt egr al

mul t ples of bkl SerbohAldeatl. | I A BRGYoseASurbrblERIRACK SRRRNdCNT
guantity, the close oop response C'is actual'ly a vector of conpl ex
nunmber s havi sgbdddtialnagiddtide aficheahphizad, distubbaarh , ebesmiingod t he
vector corresponding to a particular nultiple of the rotation frequency. It
i s the magni FORRS LIV BH@FeRTOMSS-he vect or that nust be | ess than
unity. A nunmber of specific embodiments have been described :
encompassing the present invention. Nevertheless, it will be
understood that various modifications may become apparent to
those having ordinary skill in the art of self servo propagation
without departing from the spirit and the scope of .1_;he present
invéntion. Accordingly, it is to be understood that.the.
invention is not to be limited by the specific illustrated

_.embodiments, but only by the scope of the appended claims.



Choosi ng the servo | oop paraneters to ensure that the cl osed | oop response
Is less than unity during witing is a sinple 31 nethod that provides a
substantial reduction in random nechanical notion while ensuring that error
growm h is bounded. But the inclusion of correction values when conputing
new reference values in step 140 of Fig. 3A, alters the situation. As
previously discussed, each new reference track table value is preferably
set equal to a nom nal average reference value plus a corrective val ue.
Al so previously noted, the corrective yplue may sinply conprise a
predeterm ned fraction, f of the previously recorded PES val ue for the
“correspondi ng sector. This approach is relatively straightforward, since
the PES readings are utilized directly as a tinme waveform In this case,
the step-to-step error anplification f Qs S no | onger equal s the cl osed
| oop response, C, as it contains an additional termequal to f(1-C).
Consequent | y wh8eGd (d1afhedusd: have a magni tude of less than unity at all
integral nultiples of the rotation frequency. '
. In a self-servowriting system for implementation in a

storage device including a storage medium and a transducer

positionable relative to the storage medium under the control of

a servo system for writing position information to the medium,

the self-servowriting system having a set of operating

parameters, a method for reducing sources of error introduced

into written position information, comprising the steps of:

writing first position information;

measuring an indicium of error intréduced into the first
written position information; and

using the measured ihdicium to optimize at least one
operatin§ parameter of the self-servowriting system, whereby
introduction of error into subsequently written position
information is reduced.
2. The method of claim 1, wherein the at least one paramete}

conprises write frequency and write current.

3. The method of claim 1, wherein the storage device comprises
a medium capable of rotation and wherein the at least one

parameter comprises the RPM of the medium.

// '

LLTED



In the formula above, S, like C, is a vector of conplex elenents, while the
factor f, being frequency independent and contai ning no phase shifts, is a
single, real-valued term As such, it is not possible to find an f wherein
t he magni tude of every elenent of the vector Sis |less than unity (except
for special cases, e.g. when the magnitude of all elenents of C are all >1
or all <1). Thus, calculating corrective values as a fraction of the
previ ous PES values is useful in certain circunstances and offers the
virtue of sinplicity, but fails to pro%hde a general capability of ensuring
bounded error growth 32 together wt'h high gain servo performance in
whi ch- t he magni tude of C exceeds unity at some, but not all frequencies.
These shortcom ngs nay be resolved by treating the vector of previously
recorded PES yalu as r tifive . ti waveform and b . -
digitally.fi Aari ?%ei %‘e’?b“ﬁ?%dﬁ%%mt e ‘I;!r,g r&%’é%&‘% A R S IMREL P8, Tt Ges.
This nethod igi®HimsahesdidnQ generalizing the factor f, such that it also
beconmes a vector with conpl ex-val ued el enents. Many possibilities for a
digital filtering algorithm

5. The method of claim 1, wherein measuring the indicium

further comprises the steps of:

sensing the first position information and producing
therefrom a readback signal having an amplitude; and-
determining a difference between the readback signal

amplitude and a nominal amplitude.

6. The method of claiim 5,’wherein the first position
information comprises dual bursts, and wherein the readback
signal amplitude is determined by a sum of sensed burst

contributions.

7. The method of claim 1, wherein writing first position
- information further comprises the step of writing a plurality of
tracks, each track having a sector including position '

information.

NI



exi st,” but one which provides total flexibility for choosing f at all
necessary frequencies (i.e., multiples of the rotation frequency) is to
conpute the coefficients of the discrete Fourier transform of the waveform
of PES values, multiply each by a conpl ex-val ued scale factor (the set of
whi ch conprise f), and then invert the transformusing the scal ed
coefficients to produce a filtered tinme waveform The new reference track
tabl e val ues are then conputed by addi ng this filtered waveformto the
nom nal average reference |level. A desc ?ption of the discrete Fourier
transformand the fornmul ae associated with it can be found in "The

El ectrical Engi neering Handbook" published by CRC Press of Boca Raton.
Rapi d and efficient conputation algorithns such as the Fast Fourier
Transform may Qe uged t%ﬂggrform the requisite calculations, but in
practice it is found fIFATC8ntY afpnd ¢ ddeFritoBPABITing cbhre ABGLED R f | ci ent s,

correspondi ng fu@tREF NARDrasesBNE §§e$$% first .6 or 8 muiltiples of the
rotation frequency, are usually requl reé. To ensure bounded error growh,

only 33 _
for each track, sensing the position information of the
sector, producing thereffom a ieadback signal having a measurable
amplitude, and determining‘a difference in magnitude between the
readback signal ampliﬁude and a nominal amplitude, thereby
obtaining a plurality of differences in magnitude; and

determining an average of the plurality of differences in

magnitude.
g. The method of claim 1, further comprising the,steps,of:

repeating the writing and measuring steps for a plufality of
combinations of write frequency and write current valués;
selecting as the at least one optimized parameter the

combination for which the predetermined indicium has the lowest

- value.

10. The method of claim 1, wherein the measuring and optimizing

steps are performed as part of the self-servowriting process.

11. The method of claim 1, wherein the measuring and optimizing

steps are performed when the storage device is manufactured.

I
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freduéncites at which the magnitude of the closed | oop response exceeds
unity need to be included. The factor f can equal zero for other
frequenci es, and corresponds to sinply truncating the Fourier series
transformations. The filtering techni que descri bed above all ows one to set
specific values for the elenents of S. The closed | oop response can be

adj usted by neans of the servo paraneters to provide a desired | evel of
mechani cal di sturbance rejection, then 44he appropriate values for f can be
conputed using the formula f=(S-C)/(l-C. Unbounded growth of errors is
avoi ded by keeping the magnitude of all elenments of the vector S |ess than
unity, so this is a primary consideration. In considering the growth of
systematic errors such as wite width nodulation, the error in track shape
| evel s off at a value equal to the base wite width nodul ation tines

(1+C- S) / (1- S}H2- whBte MefkBog 2% alpirel nivdiereitotig dndbeiums comprigasutrack track
wi dt h nndulah&ggeé aggggrs at each wite step. The net track shape error
is therefore very'Targe If"Sis close to 1. Conversely, the cunul ative

ef fect of random nechanical notion is nmagnified if the step factor is
chosen to be nearly zero, especially if Cis close to 1. This occurs
because the fdct ofbe methed fofhsdaipsl.vohgrdiar peasurigy jthec indkcium 1.

further comprises the steps of:

sensing the first position information and producing
therefrom a position error signal having a magnitude; and
determining a difference between the position error -signal

magnitude and a nominal magnitude.

e ) 14. The method of claim 13, where;ﬁ;the servo system has a
measurable closed loop response, wherein measuring the indicium

further comprises the steps of:

measuring the closed loop response, CL, of the servo system;

and

dividing the magnitude difference by (1-CL).

15. The mefhod of c¢laim 13, wherein the nominal magniﬁude is
obtained by performing a plurality of times the steps'of sensing
the first position- information and producing therefrom a position
error signal, thereby obtaining a plurality of position error
signal magnitudes; and determining an average of the plurality of

magnitudes.

O



A particul ar choice of S that has been found to give excellent results with
the disk files studied so far is 0.9. This reflects the fact that it is
nore inportant to keep randomerrors small than it is to naintain absolute
circularity of the 34 tracks. (However, minimzing the wite width
nodul ation term reduces this effect and may all ow choices of S which
optim ze rejection of random nechanical notion). O her choices of step
factor S, including conplex-val ued ones, nay prove to be optinum dependi ng
on the details of the disk file heads, %ecording nedia, and nechani cal
properties. An inproved nethod for neasuring the cloSed | oop response of a
servo systemduring self-servowiting is disclosed in related co-pending -
pat ent application serial no. 08/677,144 (1BM Ref. No. SA9-95-075), filed

concurrently fier et Miernoa3Pt claim 1, further comprising the steps of:

repeating the writing and measuring steps for a plurality of
different RPM's; and

selecting as the optimize& parameter the one.of the
plurality of RPM's for which the predetermined indicium has the

lowest value.
17. The method of claim 1, further comprising the steps of:

writing second position information;
servowriting while sepsing the second position info:mation
and producing therefrom a-position error signal having a
magnitude;
if the magnitude of the position error signal exceeds a
threshold magnitude, temporarily halting servowriting while
continuing to sense the second position information until the
* position error signal produced is determined to be below the

threshold magnitude.

18. The method of claim 17, further comprising the step of, upon
determining that the magnitude of the position error signal has
fallen below the threshold magnitude, resuming servowriting at

the same location on the medium where it was halted.

AN Y B A



V. «Optimzation of RPMIV. A Background Information D sturbances
experienced by the descri bed sel f-propagating servo system may cause the
actuator to deviate fromthe ideal propagation track. These occurrences are
referred to as track msregistration (TMR) and will result in m spositioned
wite bursts. Subsequent readback of m spositioned bursts in the next
propagation cycle results in an offset 4gr "nodul ated" position signal which
is simlar to the nodulation resulting fromwite width nodulation. Fig. 8A
illustrates a properly positioned burst 802 and a m s-positioned burst 804
resulting fromTVR Wen centered on the desired propagation track a
di stance X fromthe precedi ng propagation track, the recording transducer
808 reads back a relative anplitude R for the properly positioned burst
802. Since this is the desired location, this relative anplitude equals the
reference vaksie, mespbthdd otNcZeind 1IPEStuddave woimpridignitie pasipt boned bur st
804, having its edge shifted an anount E fromthe desired propagation track *
| ocat i on 806tPEMAGLIBI t TLRVIREThE Hhidh 16f tha @agridindguel ithgoBos¥donl e5r9m a
{gl SE‘IIC):IIVI? L?agpﬁﬁh %ngaAotOffaﬁ'- Fbel%%f €hd Itlﬂgeé}x%\ydt r?ad‘:r{ig;udéBaft%rbgoxgé:i%hagr am
of time.
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ser¥d control | oop representative of the inproved self- servowiting system
of the present invention. Control systens are described generally in the
book "Mdern Control Engi neering"” by K Ogata published by Prentiss-Hal
corporation of Engl ewood 36 Ciffs New Jersey. The loop controller 850
conprises digital servo controller 44, DAC 46, and VCM driver 48. The
"plant” 852 conprises actuator 24 and recording transducer 22. The pl ant
output X represents the absolute positig ? of the recording transducer in
units of relative head width. During self-propagation, the only observable
signal is the position of transducer 22 relative to recordi ng nedi um 26,
but it is useful to consider the absolute position X for the purposes of
anal ysis of servo | oop performance. A | oop sunming point 856 is explicitly
included to account for the relative nature of the observed position
signal. Thus the observed position signal equal s the sum of the absolute

position X and the burst osition error E. This si %nal X+E i s conbined at a
standard | JHPROVEMEN FLE-PRORHGATION: PAITERMN GENERAEIGN o
f
orm FOR DISK FILE SERVOWRITING
ABSTRACT

L4

An improved self-servowriting system and method whereby errors introduced into
the written servo information are reduced or eliminated for greater servowriting
~ accuracy. Accuracy is enhanced by one or more of the following improvements: 1)
optimizing write current and write frequency to minimijze write width modulation; 2)
optimizing the RPM of the storage medium to minimize random mé;:hanical vibration;
and 3) providing a clip level check to eliminate the introduction of large errors in
product servopattern. The proposed improvements provide substantial rejection of, for

example, mechanical and magnetic disturbances, ensuring a robust servowriting process.

Fig. 1.
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the position error signal or PES. In usual fashion the SI%H@EEQ ext to
the incoming arrows at a summng point represents a sicy ?¥ fo~apply to
each signal before summ ng, hence the PES equals R—(Xjﬁy égn exanpl e of a
propagation track 920 showi ng the effects of TMRis p dinFig 9
relative to an ideal propagation track 922. As is readily apparent, TMR may
cause the separation 921 between adjackriR tracks to fall bel ow acceptabl e
margins, i.e. "track squeeze". |IV.B. Inprovenent to M nim ze Mechani cal

Noi se Anot her proposed inpro nt to the desoribed self- 37 propagation
system for reducing the effe of mechani €akdi st urbances is the

m nim zation of random cha

noi se _THis is aghlevegtby enpi ri cal
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mechani cal di sturbances in ive dtpelf Sﬁsﬁr?elgi\ HA—i=5-
perfornmed, for exanple, int Eequ b 130 of : N or
alternatively, at the tine o d&p%grfhebeif-ss‘ Dwrii ti ng sﬁﬁrage
devi ce. The Sg S Eﬂ d o
RN REINERRE
o3 |33 SHEH S45
O
IRYISY s B L=
R3S %é ¥ .| i
S8R, B
N E N a)
— I i
Q = S 'S
“)‘\\\.EE:EE | 1™ Eg N g§§§
U 3 N ):GE
NS EC) NN
N :tfsk\ J X S \1‘
Qo IR N
5| |SQS ) @
Sl RS I S
Y g
N N\
\ (l\l i |
SOWOHLDTTF| oo
LMY TS T N
o —~¢
%Q:\\g
~ .
O 8y T
3 O
9 S . K
i N
N



principle of this invention nmay be applied to a variety of storage devices
havi i rotatable storage nediuns (e.g. disk drives and tape drives). TMR is
nmeasured, for exanple, as described in US Patent 4,939,599, entitled Method
and Apparatus for Measuring Dynam c Track M sregistration. TMR may al so be
determ ned fromthe servo position egpgg signa. An RPM optim zation
sequence using the |atter approach i own in Fig. 3E. In the first two
steps 370, 372, the disk drive RRM.iSysS 0o a first of a series of RPM
settings, RPI\/(I) Next 374, the §é<§§ of the servo systemis

determ ned as descri bed previous ™tively, the closed | gop
nmeasur enment nay be made for a nom n\i&g NEprl or to entering the
S

g

optim zati on sequence. In t ep 376, xtke ayerage position
error. signal PESave(n) for é'a eg or] 1-Nid Dblt i ne gj averagi ng the
sector PES val ues over several rg tli Y o tthe | gn the .
nonr epeat abl e conponents of the f-prm St (. re obtained in a
next -step 378 by subtractiQQ each av[eTagFff Jove v h fromits
corre;pondl ng sector PES( n&  hepn jrrol I qr'rpu Jr' |[ ld‘r TMR i ndi cat or,
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38 TMR(1), for the current RPM setting, RPM 1) is then calculated fromthe
non-repeat abl e part of the PES waveform by dividing by 1 - C, as shown in
step 380. In each iteration of the sequence, if the TMR indicator, TMR(I),
has a smaller value than the TMR val ue obtained for. the last RPMI1-1),
then RPMopt is set to the present RPM setting, RPM1) at step 382. If al
desired RPM settings have been test edd/il2e., i<imax 384, the sequence
termnates. Oherwise, | is incremented and the sequence repeats for the
next RPM setting, RPM1). It shall be understood that a value for C other
than unity may be selected to optim ze the_neasurenent of the mechanica
noise input. V. dip Level Correctid ring b to Fig. 2, the

sel f-servowite process wites propagﬁgi%ﬁLb}P§f§2%E)region 103 in the same
revolution as it is generating the FIUdﬁLt Brvo patterns in region 104.

While errors due to random nmechani cal noj se are prevented from grow ng by
t he propagation algorithns descri bed abojve, the product pattern wll still

contain the track to trjack r omnoise. In_addition, 1f}jthe system
experiences a | arge nechanicﬂgg{aﬁﬁ55§$@3ﬁ00@' pr oduct servgigttern\MIl
also be witten with thle error V///

| < FROFAGATION BURSTS
 TIMING MARKS
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Thus anot her

| nprovenent to the systemis proposed wherein the effects of

random noi se nechani ca

providing cli

p | evel

event that the PES records an

t ol er ance,

returns to a value below the allowed 4/ig | evel.
the witing of servo patterns resunes,
ite inhibit was invoked. Fallure of the syst
after a predefined period of
Hence addition of

revol ution,

poi nt - mhere t he

bel ow-a pred
the self-pro
prevents | ar

ined clip |evel

i on sequence to termnate.
rors frombeing witten into the product pat

Concl.usi on | ry, controlling the growth of errors is cr
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preferably,at the sane

checking in the wite revolution step 132.
E greater then a specified
t he PES

di sturbances on product servopattern are renoved by
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applied to a repetitive self-propagation process, and that such error
grom h may be renedi ed. Renedies include, for exanple, adjusting the servo
| oop paraneters to produce a desired closed | oop response, and digitally
filtering the PES recorded during the wite revolution to conpute
corrections to the reference track table values such that the step factor
does not exceed unity at any rel evant §/fgquency. The effectiveness of these

renedi es is further enhan t he proposed inprovenents of 1) optim zing
the wite current and wi Yequency to mnim wite w dth nodul ation
2) optimzing the servowﬂiting RPMto m nimze randog chani cal vibration;

and 3) providing a clip 40 Level chec toﬁb' i t he i ntroduction of
| arge errors in product éervo‘%ﬁz n }%prf pdg i nprovenents provide
substantial rejection of Inmechifit §?73?§t bances,; ensuring a robust
servowriting process. A rjunber—of—Spettfit enbodijmrents have been descri bed
enconpassi ng the present {i nveptiom——Never helessq it wll be understood

that various nodifications maySEEEORY, #ppefO+£q
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those having ordinary skill in the art of self servo propagati on w thout
departing fromthe spirit and the scope of the present invention.
Accordingly, it is to be understood that the invention is not to be limted
by the specific illustrated enbodi ments, but only by the scope of the
appended cl ai ns. 41 Clainms Wiat is clained is: 1. In a

sel f-servowiting systemfor inplen@Af@tion in a storage device including a
storage medi um and a transducer positionable relative to the storage nedi um
under the control of a servo systemdifor witing position information to the
medi um the self-servowiting systemfg9ing a sel of operating paraneters,
a nmet hod for reducing sources of erf gr- fphhoducedl ingganritten position
information, conprising the steps ofg =\ j ng fiqZ(Q%05|ti rmation
measuring an indiciumof error intrqﬂa&g M%hﬁit' first itten position

i nformation; and using the neasured HA-te—bpt i m ze | east one
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operating paraneter of the self-servowiting system whereby introduction

of error into subsequently witten position information is reduced. 2.

The nethod of claim1, wherein the at | east one paraneter conprises wite

frequency and wite current. 3. The nethod of claim1, wherein the

storage device conprises a nedium capable of rotation and wherein the at

| east one paraneter conprises the RPWAHf2the nmedi um 42 4. The net hod

of claim 1, wherein the indiciumconprises wite w dth nodul ation. 5. The

met hod of claim 1, wherein nmeasuring the indiciumfurther conprises the

steps of: sensing the first posi kﬁ?gfnd producing therefroma _

readback signal having an anplit e ng a difference between

t he readback signal a i an anplitude. 6. 3 nmet hod of

claim5, wherein the frst position infornmation POH??%EFS dua ursts, and
S

wherei n the readback FPM=RPM(:)
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signal anplitude is determined by a sum of sensed burst contributions. 7.
The nmethod of claiml, wherein witing first position information further
conprises the step of witing a plurality of tracks, each track having a
sector including position information. 43 8. The nethod of claim?7,
wherein neasuring the indiciun1furthééhconprises the steps of: for each
track, sensing the position informti Zf the sector, produci ng therefrom
a readback signal having a neasurable anplitude, and determ ning a

di fference in nmagni tude between the readbac Cf§|gnal anplitude and a nomi na
anplitude, thereby obtaining a plurality of fferences in magni tude; and
determ ning an average of the pI¢&aLLLy_gL tieLenceq i n magni tude. 9.
The nethod of claim1, further{ QupErising tie steps repeating the

—h

witing and neasuring steggZfby T PLITAL uxgpg\q fﬁl\ tions of wite
frequency and wite current values,
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13

selecting as the at | east one optim zed paraneter the conbination for which
the predeterm ned indiciumhas the | owest value. 10. The nethod of claim1,
wherein the measuring and optim zing steps are perforned as part of the
self-servowiting process. 11. The nethod of claim1l, wherein the measuring
and optim zing steps are perfornmed when the storage device is manufactured.
44 12. The met hod of claim 1, where@yi{phe indiciumconprises track

m sregi stration. 13. The nmethod of claim1, wherein measuring the indicium
further conprises the steps of: sensing the first position information and
produci ng therefroma position error signal having a magnitude; and

determ ning a difference between the position error signal nagnitude and a
nom nal magni tude. 14. The nethod of claim 13, wherein the servo system has

a nmeasurabl e cl osed | oop response, whereiqn neasuring the indiciumfurther
conprises the steps of:
A.__
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measuring the closed | oop response, CL, of the servo system and dividing
the magni tude difference by (1-CL). 15. The nethod of claim 13, wherein the
nom nal magnitude is obtained by performng a plurality of tinmes the steps
of sensing the first position information and producing therefroma
position error signal, thereby obtaining a plurality of position error
signal magni tudes; and determ ni ng aOA®erage of the plurality of

magni t udes. 45 16. The nmethod of claim 1, further conprising the steps
of : repeating the witing and neasuring steps for a plurality of different
RPM s; and selecting as the optim zed paraneter the one of the plurality of
RPM s for which the predeterm ned indiciumhas the | owest value. 17. The
met hod of claim1, further conprising theasteps of: witing second position
i nformation; servowiting while sensing tg§ second position information
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and producing therefroma position error signal having a magnitude; if the
magni t ude of the position error signal exceeds a threshold magnitude,
tenporarily halting servowiting while continuing to sense the second
position information until the position error signal produced is determ ned
to be below the threshold magni tude. 18. The nethod of claim 17, further
conprising the step of, upon determ fild§2t hat the nagni tude of the position
error signal has fallen below the threshold magnitude, resum ng
servowiting at the saneggagation on the mediumwhere it was halted. 46
19. The nmethod of claim further conprising the step of&{k4£m nating
servowiting if the nagnitﬁge of the position error signal does not fal
bel ow t he threshold nagnitude after a period of tine. %
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