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. BACKGROUND OF THE INVENTION

This application is related to U.S., Patent Application
Serial No. 08/349,028, filed on December 2, 1994, from which
continuation in part U.S. Patent Application Serial No. °
08/405,261 stems; U.S. Patent Application Serial No. 08/348,773,
filed on December 1, 1994, from which one divisional application
stems; and U.S. Patent Application Serial No. 08/028,044, filed
on March 8, 1993, from which three divisional applfcations stem,
one having issued.on January 16, 1996 as U.S. Paterit No.
5,485;322; all commonly assigned herewith and expressly

incorpofated by reference.

Field of the Invention

The invention relates genérally to data storage devices
wherein data access is achieved by positioning a transducer "
relative to a storage medium, positioning being controlled by a
servo system in response to positional informatibn._ More
particularly it relates to an improved disk drive apparaths-and
method for writing positional information to the médium.

Increased_lévels of storage capacity in storage devices such
as hard disk drives (optical or magnetic, fOr.example) and

removable storage media (removable disk or removable tape drives,



Wher ain data access is achi eved by positioning a transducer relative to a

storage nedium positioning being controlled by a servo systemin response
to positional information. More particularly it relates to an inproved

di sk drive apparatus and nmethod for witing positional information to the

medi um I ncreased | evels of storage capacity in storage devices such
as hard disk drives (optical or magnetic, for exanple) and renovable
storage nedia (renovabl e disk or renovabl e tape drives, for

exanple) are a direct result of the higher track densities possible with

Voi ce- coi | fandesahple) ypres afdirecd pomilt ofictbeabighet |track enghities to

read and wite narrower tracks by using, for exanple, magnetoresistive

(MR) head PeesiBlegyithgaicereril iand rFhesr 5¥eef R£|SPEEhiRARIkPnRTHAS
nedia itself. In.a dis
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positioning is accurately contéolled using positional information
stored on the storage média itself. 1In a disk drive, for
example, the positioning or "servo" information may be stored on
_ o dedicated disk surface or may bo embedded in each data surface.
Conventional servo-patterns in an "embedded servo" disk
drive architecture typically coﬁprise 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
o 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 more data regions per track, that
same number of servo data areas are preferably distributed around
- a track to provide meahs for a‘head to follow the track's center
line as the disk rotates, eﬁen when the track is out of round,
e.g., as a result of spindle wobble, disk slip and/or thermal
expansion. As technology advances to provide smallér disk drives
and increased track densities, the accurate placemént of servo
data must also increase proportionately.
Servo-data are conventionally written by costly dedicated
servowriting equipment external to the-disk drive equipped with

large granite blocks for stably supporting the drive and quieting



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 center is required during
both reading and witing for accurate data storage and retrieval. Since
there can be, for exanple, sixty or npge data regions per track, that

sanme nunber of servo data areas are preferably distributed around a track

to provi deseafifall oFibrdt9athad10 SfHdc@W .t hant hagkl Saf@NéBsck Nl ass t he di sk
rotates, even when the track is out of round, e.g., as a result of spindle

wobbl e, diisieexttiqul ant/oorthehesurfiacee fahieorecdsding hdbslogo advideces to
provi de smaller disk drives and increased track densities, the accurate
pl acenent kfferange tdmingnpatterne iamer aasexpespal theadfarny assembly is
Servo-data are convenLiogaIIy written by costly dedicated servowiting
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measurement device for positional feedback. Servotracks are
written on the media of a head disk assembly (HDA) with a
specialized servowriter instrument. Laser positioning feedback
is used in such instruments to read the actual physical position
of a recording head used to-write the servotracks.
A disadvantage of servo writers such as those described is
that they require a clean room environment, as the disk and heads
Bt will be exposed to the envirohment to allow the access of the

external head and actuator. Additionally, it is becoming more
and more:difficulp for such servowriters to invade the internal
environment of a HDA for servowriting because the HDAs themselves
are exceedingly small and depend on their covers and castings to
-be in place for proper operation. Some HDAs, 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 ﬁremendously advantageoﬁs. 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
prbpagation tracks in self-servowriting, track shape errors

introduced by mechanical disturbances and other factors may be



3 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/armassenbly is used to precisely position the
transducer. The positioner includes a very accurate |ead screw and a | aser
di spl acenent nmeasurenment device for positional -feedback. Servotracks are
witten on the media of a head disk assenbly (HDA) with a specialized
servowiter instrunent. Laser positionisag feedback is used in such
instruments to read the actual physical position of a recording head used
to wite tduplscfied At one track diosateanbrewhén Sef MO It Propaiyardon

t hose described is that they require a clean roomenvironnment, as the disk
and heads tmadks .he Thuso e @ el -servemritingeays tem aishy heh @bder dos wafi tehe
external head and actuator. Additionally, it is becom ng nore and nore
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radial position signal that is used to servo-control the actuator
is derived from measurements of the readback amplitude of
patterns that were written.during a previous step 9f the
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 follow when wfiting the:next track.
soa Thus, errors in the transducerlposition duriﬁg burst writing
appear as distortions away from a desired circular track shape.
The serﬁo controller causes the actuator to follow the resulting
non-circular trajectory in a next burst writing step, so that the
new bursts are'written at locations feflecting (via the
. closed-loop response of the servo loop).the errors present in the
preceding step, as well as in the present step. Consequently,
each step .in the process carries a "memory" of all preceding
track shape errors. This "memory" depends on the p&rticular
closed-loop response of the servo loop.
A primary requirement in disk files is ﬁhat each track be
separated at all points by some minimum spacing from adjacent
tracks. This requirement ensures ﬁhat neighboring track

information is not detected on reédback, resulting in data read.



this approach presents a new set of challenges. Specifically,

sel f-servowiting systens are nore prone to nechanical disturbances.
Mor eover, because of the interdependency of propagation tracks in
self-servowiting, track shape errors introduced by mechani cal

di sturbances and other factors may be

4 anplified fromone track to the next when witing the propagation
tracks. Thus a self-servowiting systemynust be able to wite
servopatterns with a high degree of accuracy to neet the stringent.

requi r eneekgo®t,Nadl MeRe iMpdirtknlliyyeEhat adjacty RALkeHaEaCARINShebr
bursts of transitions located at intervals around the disk surface. In
sel f - prophgaexoersstikelyr edeallappedt dapingowmal tidpt potentddlly resudtdngtro
the actuator is derived from neasurenents of the readback anplitude of
patterns f&RaPewmanenti losa dfir nAgradptavi olr athgr yordse ther dekpiled
process. That is, the burst edges of a witten track conprise a set of
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disk. Radial separation between adjaéent track locations is
determined by the product servopattern written on each track and
at each angular location around tﬁe disk, since the serv04control
of the actuator during actual file operation is capable of
following distortions f;om'perfect circularity and will produce
misshapen data tracks. |
A consideration in setting the minimum allowable spacing:for
self propagation schemes is thé existence of random fluctuatiocns
about the desired track location resulting from mechanical
disturbénces during actual file operation. Effects that result
in track shape errors in a self-servowriting system include, for
example, random mechanical motion and modulation in the width of
. the written track that results {from variations in the properties
of the recording medium or in the flying height_of the
transducer. Random mechanical motion can be lowered using a high
gain servo loop, but this leads to error compoundingi Random
magnetic modulation variations reduce the pattern accuracy of all
servowriters, but error compounding in self-propagation can’
amplify this further. Uncontrolled growth of such errors can

lead to excessive track non—circularity, and in someé cases, may



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 |ocations
reflecting (via the closed-Ioop response of the servo |oop) the errors
present in the preceding step, as well as in the present step.
Consequently, each step in the proces$ carries a "nenory" of all preceding
track shape errors. This "nenory" depends on the particular closed-|oop
response venacad @ led@dnential SrowkRBoY Eé£fvhts credideddindg L If idredd S
that each track be separated at all points by sonme m ni num spacing from
adj acent margins. afid sausjmig ¢enseddspropagatiomanydess te thaddk
information is not detected on readback, resulting in data read

5 errors, andom?r@f fher damgept FH&FCEGJ af spechanigaly digtgnbance, ds the
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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 placement. If
servopattern placement errors are roughly equal to or greater
than the TMR, then a substaﬁtial fra&tion of the track spacing
- margin will be required as compensation and the total disk file

data capacity will accordingly be reduced. In this instance,
réduction in servopattern errors may substantiaily increase file
capacity. | ’ i

Consequently, self-servowriting systems must p:ovide a means
for accurately writing servopatterns while controlling the.
propagation of track éhape errors.

One self-servo writing method is disclosed in .United States

- Patent No. 4,414,589 to Oliveriet al., which teaches optimization

of track spacing. Head positioning is achieved in the following
manner. First, one of the moving read/write heads is pos;tioned
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 mqying head reads the first reference track and is

displaced away from the first stdp limit until the amplitude of



fn pegmanent | oss of user data. In other words, the detailed shape of each
track relative to its neighbors nust be considered, not just the track to
track di stance averaged around the whole disk. Radial separation between
adj acent track locations is determ ned by the product servopattern witten
on each track and at each angul ar |ocation around the disk, since the
servo-control of the actuator during actual file operation is capable of
followi ng distortions fromperfect circylarity and will produce m sshapen
data tracks. A consideration in setting the m ninum al | owabl e spaci ng

for self uheORagaLIOR roRNeHRS FiFsthee@birehed Coradk riad deiiutedC toakitons its
about the desired track location resulting fromnmechanical disturbances

duri ng actordlgihialle ampdigiiden. Ef Becbadt raferesce ttrack tisadheshapdt&enoby in
a self-servowiting systeminclude, for exanple, random mechanical- notion
and nodul ahieohead alfte thiedngwollocakdonri read, tand thendeadeds agadnom
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‘ that it is within a predetermingd accep;able range of the desired
average track density.. If the average track denéigy is too high
or too low, 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.predetermiﬁed acceptable
range, the desired reduction réte X% for a given average track
density has been determined and the servo writer may then proceed
to the éervo writing steps.

U.S. Patent Nos. 4,912,576 to Janz and 5,448,429 to Cribbs

et al. describe methods for writing a servo-pattern with a disk

- drive's own pair of t:ansduceré. Three types of servo-patterns
are used to génerate three-phase signals that provide a
difference signal having a slope directly proportional to
velocity. Janz obéerves that the signal level fro@ a transducer -
is a measure of its-alignment with a particular pattern recorded
on the disk. For example, if the flux gap sweeps only forty
percent of a pattern, then the_read vo1tage will be forty percent
of the voltage maximum obtainable when the transducer is aligned

dead-center with the pattern. Janz uses this phenomenon to



6 even lead to exponential gromh of errors, exceeding all error margins
and causing the sel f-propagation process to fail. One of the |argest
sources of mechanical disturbance is the turbulent wi nd generated by the
spi nni ng di sks bl owi ng agai nst the actuator. The total anount of
fluctuation, referred to as track msregistration or TMR, defines a

rel evant scale for judging the required accuracy of servopattern

pl acenent. If servopattern placenent egrors are roughly equal to or
greater than the TMR then a substantial fraction of the track spacing

margin wil olslli%iroﬁq%@eﬂeaascsgpge,%aml@nanem her tdlrale GfFketi had data -

capacity accordingly be feduced. In"this instance, reduction in
servopat t gftagglereds patterniShabhgahl gehberPhse gatle intepded for data

Consequently, self-servowiting systens nust provide a neans for

accur at el tracksi.ng Incay pratfeered processondant |desgnifkes pr deddsated servo

track shape errors.
architecture wherein one side of a disk is reserved for servo and
the other side for data. The éisk 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
written on the servo side at an outer edge. The t;ansducers are
then moved-in radially one half of a track, as indicated by the
first phase servotrack amplitude, and a first data-track is
recorded on the data side.  The transducers are again moved
iadially inward Sne half of a track, this time as indicated by
the first data-track amplitude, and a second phase servotrack is
recorded on the servo side. This sequence is repeated until both
.surfaceé are entirely written. If too few or too many tracks are
written, the disk is reférmatted 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 pfoperly

spaced servotracks, the data-tracks are erased in preparatioﬂ for
receiving user data. Unfortunately, the method desqribed.by Janz
requires a dedicated disk surface for servotracks and two heads
working in tandem. -Moreover, transducer flying height
variations, spindle runout, and media inconsistencies can corrupt

radial position determinations that rely on a simple reading of

off-track read signal amplitudes. Prior art methods do not



One self-servo witing nethod is disclosed in United States Patent No.
4,414,589 to Aiver et al., which teaches optim zation of track spacing.
Head positioning is achieved in the followng manner. First, one of the
noving read/ wite heads is positioned at a first stop limt in the range
of nmovenment of the positioning neans. The head is used to wite a first
reference track. A predeterm ned percentage of anplitude reduction, X% is
selected that enpirically corresponds g0 the desired average track
density. The noving head reads the first reference track and is displaced

away fromii@réssStnebQPisidbs AMG 1 Ard NenWBHIleU9Ra8bquate for high

7 the signal fromthe first reference track is reduced to X% of 1ts

ori gi nal ap@tfohfencéd aEsRNAri¢éer ePSPiddatidns.s then witten by the head
at the new |l ocation, read, and the head is again displaced in the sane
direction untilCriebanetialidetedchés nmlhard gihskhdriveoaystemewibleselfck i s
reduced to X% of its original value. The process is continued until_ the

di sc is fiserwowrihing capahility LQuPriHing g ragatingckeeerding disknhecked

to insure : _
transducer in communication with the disk surface, servo-actuator

means for radially sweeping the transducer over the surface, a
variable gain reqd amplifiexr (VGA) coupled to the transducer, an
analog to digital converter (ADC) coupled to the VGA, an erase
frequency oscillator coupled td the transducer for DC erasing of
the disk éurface, a memory for storing digital outputs appearing
at the ADC, And a controller for signaling the servo-actuator to
ﬁove to such radial positibhs that result in transducer read
amplitudes that are a percentage of previous read amplitudes
represent in the digital memory.

The'prior'art fails to solve the problem of random
mechanical motion resﬁlting in reduced disk file capacity, or to
address the relationship between random mechanical motion and

-érrgr compounding. It also fails to address the relationship
between magnetic write width modulation and error compoundiné} or
even error compounding viewed independently.

Accordingly, what is needed is a self-servowriting disk file
which overcomes the preceding problems to provide a highly

accurate and cost effective positioning system.



fhat it is within a predeterm ned acceptable range of the desired average
track density. If the average track density is too high or too |low, the
disk is erased, the X% value is appropriately |owered or increased, and
the process is repeated. If the average track density is within the
predeterm 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. 10 U S Patent Nos. 4,912,576 to
Janz and 5,448,429 to Cribbs et al. describe nmethods for witing a

servo-pattern with a disk driggems QWbiPank ehvbhefssducers. Three types of
servo-patterns are used to generatée three-phase signals that provide a

difference si ghpke baekseatainkveneidhr st hys¢l bpmrvowrdlting sysitem apd  Janz
observes that the signal |level froma transducer 1is a nmeasure of its

al i gnment meithleda fpar implleaenpationnineaostexhgedevicedi dnclpdingxample, if
the flux gap sweeps only forty percent of a pattern, then the read valtage
will be f@stoyager mediumef ar kransiuggs, nakd i FYPI0SYEYER kR&nPPRdtioning

transducer is aligned dead-center mﬁhh’the atte%a. Janz uses Lgi%
phenonenoﬁh@btransducer relative to the storage medium. WO problems

associated with self-propagation are greater mechanical
disturbances and the growth of errors during many thousands of
servowriting steps.' Error growth is attributable to the special
properties of servo loops as applied to a repetitive _
self-propagation process. Greater resistance to mechanical
disturbances and reduction in error growth are achieved, in part,
by adjusting a step amplification factor, S, at the initiation of
= servowriting to within desired parameters. However, S is known
to vary with movement of the head in a direction transverse to
the diréction of the tracks. This problem is addressed by the
present invention, whérein_s is determined at a plurality of
transverse transducer positions. S is dependent upon the closed
- loop response of the servo syséem C and upon a set of step-to-
step correction factors f. S'is therefore determined by )
monitoring an indicium of S such as C, and is adjustgd'by
adjusting either C or f to provide a value of S which falls
within an acceptable range of values. Determination of S is
scheduled to occur at predefined intervals. The intexrvals may be

fixed or adjusted adaptively based upon the measured variation of

S with transducer position.



8 position the heads by straddling two of three offset and staggered
patterns along a centerline path intended for data tracks. In 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
I ncludes 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, gadegibhkish Hatend Bedwings recorded on the data
side. The transducers are again noved - radially inward one half of a track,

this tine as i pdrcal Fhiher undelrstahddagaotrehé maifird wir] aiveintagesod
phase servotrack is recorded on the servo side. This sequence is repeated
.until bot [thes priesent dnveattions| pswwielieas thetprefenrad masge efnps@racks
are witten, the disk is refornmatted with a slight adjustnent tqQ the step

wi dt h, as refiexencecghopldnbe made teushe Eptloving fejailged deserd

formatted with an entire conplinent_ of properl spaced, servotracks, the
dat a- t r acikeag dne Fé’é‘é&“icﬁiﬁf“eb'&ggt the ngm P%’&%‘}% rfg' 954t a.

'Unfortunately,rtgg q?%@p% %ﬁ%&kigiggQXmJgﬁza self-servowriting system
suitable for practicing the present invention;
Fig. 2 is a diagram illustrating the relationship between
propagation tracks, disk sectors and propagation bursts in a
self-servowriting system suitable for practicing the present
invention;
Fig. 3A is a flow diagram of the basic process steps for a
e self-servowriting system suitable for practicing the present
invention;

FiQ. 3B is a block diagram illustrating the elements of the
self-servowriting system involved in generation of a position
error signal during step propagation;

Fig. 3C is a flow diagramifor a self-servowriting éystem
incorporating the improvements of the present invention; .

Fig. 4A shows the relative offsets of the read and write
elements in a dual element head suitable for practicing the
present invention;

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

invention;



riequi r.es a dedicated di sk surface for servotracks and two heads working in
tandem Moreover, transducer flying height wvariations, spindle runout, and
medi a i nconsi stencies can corrupt radial position determ nations that rely
on a sinple reading of off-track read signal anplitudes. Prior art nethods
do not _ 9 address these issues and
are therefore inadequate for high performance disk drives applications.
Cribbs et al. teaches a hard disk drivelgystemwth self- servowiting
capability conprising a rotating recording disk, transducer in

comuni cation Wri§.t §ei i SEtaés Cene SPEVABAd WAt ioBaBE tAE bagsekl Yn a
sweepi ng the transducer over the surface, a variable gain read anplifier
(VGA) coupsig-bursthepropagatie , pattermaswitdbl edifgirt practheényethé AbEesent
coupled to the VG, an erase frequency oscillator coupled to the '

t ransducer iRgenbiR} asi ng of the di sk surface, a nenory for storing

digital outputs agpearlqg the ADC . and a controller for gnaling t he
servo- act uat or an illustration of a properly positio ed product

servopattern burst versus a radially'offset burst; and

Fig. 6B 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 suitable for

practicing the present invention.



move t:0 such-radial positions that result in transducer read anplitudes
that are a percentage of previous read anplitudes represent in the digital
menory. The prior art fails to solve the problem of random
mechani cal notion resulting in reduced disk file capacity, or to address
the rel ati onshi p between random nmechani cal notion and-- error conpoundi ng.
It also falls to address the relationship between nmagnetic wite w dth
nmodul ati on and error conpounding, or ey®n error conpoundi ng vi ewed

I ndependent | y. Accordingly, what is needed is a self-servowiting

disk file which gupheoRRSDLBRLPEECEH! B8 PLOYAFErkAaPiAkbEEnEalEIN ¥

accurate and cost ective positioning syst

10 Disclosed BHPFBRhYaPé mgrwa:@éﬁﬂsorto a selfhgeﬁ{rSﬁﬁmting
invention is a self-servowiting systemand nethod for inplenmentation in a

st or age depparatus| addngmethodt suahecasethatndesduibeddinet, SanHatentr vo

systemfor positioning the transducer relative to the storage nedium Two

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

to set the stage for the proposed modifications.

I..Self-Servowriting Disk Drives
Fig. 1 provides the major components of the_preferred
self-propagating disk drive servo-writing system for practicing
the present invention. A disk drive 20 compriseé a recording
transducer 22, voice coil actuator 24, recordihg medium 26,
servopattern demodulator 27, and read/write cohtrol 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
generator 30, which is clocked by'a timing controller 32. The
"timlng controller 32, under the direction of a microprocessor
sequence controller 33, allows bursts of magnetic tran51t10ns to
be recorded at precisely controlled times. For the purposes of
radiai'self—propagatiOn bﬁrst writing and detection, the timing
controller comprises, for example, the AM9513A system timing
controller manufactured by Advanced Micro DevicesJCorporation 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 requires much



associ ated with sel f-propagati on are greater nechanical disturbances and
the gromh of errors during many thousands of servowiting steps. Error
growh is attributable to the special properties of servo | oops as applied
to a repetitive self-propagation process. Geater resistance to
mechani cal di sturbances and reduction in error growh are achieved, in
part, by adjusting a step anplification factor, S, at the initiation of
servowiting to within desired paraneteng. However, S is known to vary

wi th novenent of the head in a direction transverse to the direction of
the tracks, . This problemis addressed by the present invention, wherein S

. \ D
i s det er m FEANEET L HRERY| FPYLEPL, { PARLIET LRy Ahedy #Eit)Bg; EhEnEeTHO; o
dependent osed.. p of .the.serv t d n a
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Cor' 1" 1o pELcbEfs o1 Wibbhody K60, Alniovillf diuif Hrdelied Biming) ohtRoLe!
val ues. Dea€ifgNghé OfnPérial SdisSKNefLé efeddr DGy krahsatedef i Badai RaRhe#! S.

The intervals may be fixed or adjusted adaptively based upon the neasured
vari ati on consBstent withhsselfrppogagation are described in U.S. Patent No.
5,485,322 and are expressly incorporated herein by reference. -

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

-head is passing over a burst pattern on the disk). The digitizea
" output of ADC 36 is provided to a divider 40. The divider 40
divides the signal by a digitized normalization value stored in
meﬁory 38. The output of divider 42 is provided to a subtractor

40, which subtracts the digital input value from a reference
value retrieved from memory 38 to create the position error

" 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 by 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



Description of the Draw ngs For a fuller understanding of the nature
and advantages of the present invention, as well as the preferred node of
use, reference should be made to the follow ng detailed description read

i n conjunction wth the acconpanyi ng draw ngs. Fig. 1 is a block
di agram of a self-servowiting system suitable for practicing the present
I nventi on; Fig. 2 is adiagramillustrating the relationship between

propagation tracks, disk sectors and praqpagation bursts in a
sel f-servowiting systemsuitable for practicing the present invention;

Fig. 3A iseg.blovhdl AR Rlest B{é Q#) 'nfox}?er §'§x§ﬁ%ﬂ%l%ofa@1all¥ wit

sel f-servowitl ng systemsuita practrci ng resent nvent i on

Fig. 3B israspeeek sl febcraind Uiddiaind 1% .t he el enents of the
self-servowiting systeminvolved in generation of a position error signal

during step prop=psdnas;controlYery.333@rovidel| oompitat bon feapabilities for

sel f-servowiting -system incorporating the inprovenents of the present

i nventi on;general use in determining modifications to the stored reference
table values, for detegmining ;ppropriate delay settings to be
applied to timing delay unit 31, and for producing control
signals for pattern geherator 30. Preferably, the functions of
divider 40, subtractor 42, ‘and digital servo controller 44 are
all achieved through the appropriaﬁe programming of sequence
controller 33.

Fig. 2 shows a diagram of a portion of recording medium 26
including a number of propagaéion tracks represenéed by dotted
lines 111, 112, 113, etc. Each track comprises ai number of
sectors, with a first sector 101 typically coming immediately
-after the 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
fecognizable series of magnetic transitions, and a second reéion
104. The propagation bursts define propagation tracks for use in
accuradtely positioning the head to write product servopatterns.
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



Fig. 4A shows the relative offsets of the read and wite elenents-in a
dual el enent head suitable for practicing the present invention;

Fig. 4Bis a graph illustrating a variation in readback signal anplitude
as the actuator changes position across the disk in a self-servowiting
system suitable for practicing the present invention;

12 Fig. 5 illustrates the relative |locations of the bursts in a
si x-burst propagation pattern suitable feor practicing the present
i nventi on; Fig. 6Ais an illustration of a properly positioned

product §eLYPPRLEGLRRYEAL. VEABYSoR Fagich | M PidRptbyost thangart ~ Fig.
6B is a control systemdiagram of a servo | oop showing the manner in which

the readbasktaignagstheoprblacbusseisopattemn wilA alsocbeboredwirdtkenmwdth
position error signal suitable for practicing the present invention.
. user data.

Each propagation burst region 103 is further divided into a
number of slots 105-110 within~which propagatioﬂ bursts
(A,B,C,D,E, and F) are written. The propagation track p;tch in
Fig. 2.is preferably 6ne—quatter 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 separatibn bgtween
the propagation tracks 113 and 114, and so on across the disk.
The preferred propagation burst paétern consists 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 thé recording transducér_to radially back up and check
previously written bursts.

A typiéal number of sectors is 120 and a typical disk
-rotation rate is 5400 rpm, translating into about 92 microseconds
per sector. A typical slot tiﬁe, i.e., the durétion of time for

the slot to pass a fixed point.of-reference in the
circumfereﬁtial direction, is 7 microseconds. The slot time is
preferably longer than the duration of a product servopattern
burst, since longer bursts extend filtering time during
demodulation. More filtering time results in a higher signal to
noise ratio, which simplifies some of the digital sérvo loop

computation, particularly with regard to determining derivative
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Det ai | ed Description of the Preferred Enbodi nents
herein are inprovenents to a self-servowiting apparatus and

met hod such as that described in U S. Patent Application Serial Nos.

08/ 349, 028 and 08/ 405, 261. Accordingly,

applications wll be described to set the stage for the proposed
nodi fi cati-ons. |. Self-Servowiting D sk Drives Fig. 1 provides

t he maj or

servo-witing systemfor practicing the present invention. A disk drive 20

.conpri ses

medi um 26,

conponents of the preferred gelf-propagating disk drive

arreebodityg rélabeduservad el .CeMoRebvae] UBhete 245 HECDFSE NGE

servgpattern denodul ator 27, and read/wite control electronics

28. The nonser dpbaaspagefwithi expanded eopaghtient burses veince wrhiy swibbl
in the disk drive industry. The disk drive 20 is connected to a tine

del ay unitbgloYﬂrEE?FEQH

timng contﬂ Ler burst times may be used if more time is needed for timing

marks and product servopattern writing to regions 104.

Referring now to Fig. 3A, an iterative self-propagation
process is shown. In a first step 130, the recording transducer
is located at either the oufermost accessible track (OD)-or
innermost accessible track (ID) of the disk file with the
actuator being pushed against a physical stop to lock 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. Also, the first portion of the
product servopattern is written within region 104 of each sector
togethef with the precision timing marks. These preferably
occupy only a small portion at the beginning of region 104 on the

same surface as the propagation burst patterns and are written

- during the same révoLution of the disk. If other recording

surfaces are to be written within a stack of disks, these are
preferably written next with product servopatterns (but not
timing marks) in successive disk rotations by switching the write
electronics to select each recording transducer in furn. The
first revolution, or series of revolutions for multiple disks, is
referred to as a write révolution.

The next revolution of the disk is referred to as a

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

t he underlying inventions of those

aken- pHewgver gdfewaldr bgoundprstred thafeked by a



ti mng controller 32, under the direction of a mcroprocessor sequence
controller 33, allows bursts of magnetic transitions to be recorded at
precisely controlled tinmes. For the purposes of radial self-propagation
burst witing and detection, the timng controller conprises, for exanple,
the AMB513A systemtimng -controller manufactured by-Advanced Mcro

Devi ces Corporation of Sunnyvale, California, which is sinply synchronized
to a once per revolution index timng mark. It shall be understood,
however, that the witing of actual product servopatterns requires nuch

14 tightgh thakngtepnt €Ak, heaat i€ ULAr L¥adiRduaVard Requkfceecontroller 33
i dentification fields and whenever witing phase encoded servo patterns.

Met hods f eignehsethegAbdch6ptecsarplenand digitricle the wgmodalatedr nal di sk
file recording transducer, in a manner consistent with self-propagation
are descr FB@EPRRkUSEINAdt enring. the, f8esBMlath Plaeachsessory idnGorpshst ed

herein by feference. ronq AihERSPACKnSlgELILOT S oad Yii Lo

propagation burst amplitude noimalizatioﬂ table in memory 38.
(See table 360 in Fig..sa). An improved normalization method is
disclosed in related application serial no. 08/677,144 (IBM Ref.
.No. SA9-95-075), filed herewith.

After all sectors have been read in the normalization
revolution but before the first propagation burst region 103 of
the next revolution, parameters used in the servo-éontrol voltage
calcﬁlation are set equal to predetermined values ("step

;g 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 revoluiion oflthe disk is‘referred to as a "step_

. revolution" and is shqwﬁ as step 138. Some of the key
servowriting 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 contéins 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 normalized readback signal if sensed



provided to an anplitude denodul ator circuit 34, and its anplitude is
converted to a digital value by an analog-to-digital converter (ADC) 36 at
times determined by timng controller 32 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 normalization val ue
stored in nenory 38. The output of divilder 42 is provided to a subtractor
40, which subtracts the digital input value froma reference value _
retri eved ffrom wbeongx88propagatient heagksliz.on Dumiag thegstép (FERlutfhese
functions are described in greater detail subsequently. The PES i-s
provi ded t 338,degAnancsecontrokles| B3rsuepsitihtoughother nerpalizabion table
appropriate corrective control s corrective signal is then

convert ed 1359aﬁ‘a‘fio§hPoFﬁ1fﬁ§eﬁcﬁiIﬁgfg%'tglgle%n%q%éeéﬁﬁemfe_e?fﬁb mRUting s
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causing  and a corresponding reference value, Fn 376, to subtractor 42.
During the first iteration of the servowriting sequence, the set
of normalization values dbtained from the A bursts, avalO-avaln,
will be used. COnéurrently,,ADC 36 continues to digitize the
readback signal 364 from the A bursts under the sequence. _
controiler's 33 direction, producing readback signal Acurr 366
having an amplitude of some magnitude. The divider 40 receives
Acurr 366, divides it by the normalization:value, 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 positioﬁ errof signal, PES 370, which will be
available at the subtractor 42 output when recording transducer

- 22 reaches the end of each propagation burst region 103. At this
time, sequence controller 33 signals digital servo controller 44
to read the PES 370 and to compute a new control voltage setting.
The control voltage 372, adjusted after each sector,.drives
actuator 24 in a direction that reduces the PES 376, 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



15 recording transducer 22 to nove approximately radially with respect to
recordi ng nedi um 26. Sequence controller 33 provides conputation
capabilities for general use in determning nodifications to the stored
reference table values, for determ ning appropriate delay settings to be
applied to timng 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 arezoall achieved through the
appropriate programm ng of sequence controller 33. Fig. 2 shows a

di agram of ti rdi di L Q¥ﬂp of :
propagati ocn&%&rlg{: s?m}é%c esg:%t cg'l%g;i a!.%] QP gﬂ&%% &%1% %rétt gf Each
track comydrfeterdyniele, Of"ﬁr%gﬁbﬂ%&o WFtaBalaeééfs%-t s e prphdatiion! | y
comng imMmediately after the Sk rotation index as determ ned, for

exanpl e, |parametiexdearaultad Yored tbe ptovykds prajket ior @f dreormnimlf romt he
timng controller. Each sector is further divided into two regions: a
first regiddmtixdansesawithpusuespdiddeptionngf txack)ahnpes exxronsecofiezabl e
series of magnetic transitions, and a second r 104. The propagation
bursts defannes: 4. ghdichn theyc prer detgzminad ‘&%&eroﬂ depgrided oning the

head to Vwééﬂaéau%% t Se%y%%?QL%LB the step to the next propagation track.
' takgs less than a full-revolution,~1t simplifies matters to allow
the revolution to complete before writing the next set of bursts.
At this point only a single propégation track has been
written so the result of a decision step 142 comparing the number
of data tracks written with the total number of tracks to be
written is necessarily negative and the process returns to write
B i revolution step 132. 1In this second write revolutioh, the
sequence controller 33 signals pattern generator 30 to write
bursts of transitions, B, in the second slot of each sector. As
before, precision timing marks and prb@nct servopattern are
written in regions 104 on the same recording surface, and only
- product servopattern on the remaining recording surfaces.
Throughout this write revolution, ADC 36 continues to digitiie
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 during 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



Regi on- 104 is reserved for use by the precision timing propagation system
and for actual product servopattern, which includes, for exanple, sector
ID fields and a pattern such as an anplitude burst or phase encoded
pattern. Preferably, propagation burst areas 103 will be overwitten with

user data 16 after servowiting.
Al'l of region 104 except for the part containing the product servopattern
wll also be overwitten with wuser data; Each propagation burst

region 103 is further divided into a nunber of slots 105-110 within which
propagati dbusst dmplithded, Rtoronf the & dusitt haplitddes piwpegat i on track
pitch in Fig. 2is preferably one-quarter of the assigned data track
pitch. ThatoxmgliZation ftalste B60. dMemnwhddle,i theeservedlaop ¢onpbnees oo
track 112, the next data track will be centered on propagation track 116
provi di ng &ragk §9kkw Nkng(RESH dugse somphéedr §pelather thueks 113 and

114, and so on, across the disk., The preferre ropagat i on bur st ttern
Conéists (ﬁmgi% 4rﬁfe stored A buéét normagigatgog vélues, andF¥he

~stored reference values. Preferably, new reference values are
also computed during this revolution. Each new table value is set
equal to a nominal average reference value determined prev;ously
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 preceding write operation. Alternatively, it is
computed using a digital filtering algorithm which is dependent
on the closed ioop 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 the 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 céntrol voltage. |

Switching now to the B bursts for PES computations, 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



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 back up and check previously witten

bur st s. A typical nunber of sectors is 120 and a typical disk
rotation rate is 5400 rpm translating into about 92 microseconds per
sector. Atypical slot tinme, i.e., the duration of tinme for the slot to

pass a fixed point of reference in the2xircunferential direction, is 7

m croseconds. The slot tinme is preferably |Ionger than the duration of a
product sSeioIdfuledy Twity 3 buHstee foANGMinBUF Shersd Lrhtiiill tttvel destired
during denodulation. Mre filtering time results in a higher signal to
noi se rat irmmbey Of Yayal ithiackss haveobeehewdigten) msuldingogn @ondst ati on,
particularly with regard to determ ning derivative

17 or \aaiswen ntr degtisdosesten didds ankbtespinating the pregesgsdtofitep
user data]iﬂ?ce W th expanded propagation bursts since they wll

In the discussion so far,’it has been assumed that the
recording read transducér 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) transducérs have come into use, and require
special attention with regard to the determination and control of
propagation track spacing by means of nomiﬁal average reference
value settings.' Fig. 4A is a represéntatien of an MR transducer
wherein the read and write elements, 420, 422 have different
widths, Wr anq Ww, respectively, and a relative offset, Wo,
between their respectivejcentral 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 402,
with change in the position.of the actuator indicated by the x-
axis 404. The actuator position Xo=0.0 corresponds £o the
actuator positibn during a write operation. The flat portion of
curve 406 represents the range of actﬁator movement in which the
read element is radially aligned inside the written pattern to
produce the best'readback signal, énd is equal to Ww-Wr as

indicated.



be overwitten later. However, it will be understood that shorter burst
tinmes may be used if nore tinme is needed for timng mar ks and product
servopattern witing to regions 104. Ref-erring now to Fig. 3A an
iterative self-propagation process is shown. In a first step 130, the
recordi ng transducer Is located at either the outernost accessible track
(OD)-or - innernost accessible track (ID) of the disk file with the
actuat or bei ng pushed agai nst a physical23stop to | ock it agai nst

mechani cal disturbances. In a next step 132, a first propagation track
111 (Fig. 2) is Aw isherlidvbeh appanesits firont Fégélr$4 sndi4Bf theadvtuator
propagati on burst region. Al so, the first portion of the ‘pr oduct

ser vopat t emevenent megrigedite regichn al@arsicudan kexebrof ampiddnier with
the precision timng marks. These preferably occ only a small_portion

. up

at the begifffucFiom dependis @r seadhelement width¢ 6?6%2/%% ehamento wdgtH-on
burst patterns.and are w,itte duri.ng the_ s reval uti o f e di sk.
't other 1 GEIRIy Sfteane 4a PR e POERR il HedraiSs k.
t hese are r ' it | d F=1s Qﬁg&;

timng narg§¥a%ﬁhgu§§%§§?%%g |SEB§§%QPPOE§QE§ gg%?c Xgpt e &??f%QUBnﬂgtby
el ectroni CxHed raRide @nde I tiee elefiont WidBAS) CAAd i dot Wy -heltE offslelt!,Skince

revolution, or series of revolutions for multiple disks, is referred to
as a wite theyapparent offset ofht¢hecheatdsvibhuairotadty tdutwitolr iddskedeived

to as a _ :
) changes as the actuator sweeps from the outermost to the

innermostltrack 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 the read and write
elements along the arc defined by the actuator arm motion.
Dependency on read to write element offset may be eliminated ina
manner which requires no prior knowledge of the precise geometry
of the head and which can be achieved solely through measurgments
of readback amplitudeé, as described in co-pending application
serial no. 08/349,028. But for completeness, this approach will
- be described next wi;h reference to Fig. 5.

”Fig. 5 illustrates the manner in which a six burst
propagation burst region is used to write data tracks during
self-servowriting. Each propagation burst (A-F) is-radially
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

data tracks 502, 504. The radial track separation 516 should be



normal t zation revolution and is indicated as step 134 in Fig. 3A

18 In 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
during the first slot of each sector, i.e., the "A burst"”. These digital
sanpl e values are stored in a propagation burst anplitude normalization
table in nmenory 38. (See table 360 in Fig. 3B). An inproved normalization
nmethod is disclosed in related applicataygon serial no. 08/ 677,144 (1BM Ref.
No. SA9-95-075), filed herewth. After all sectors have been read in

the nornel gagkiefentevsl greoBnbULcEeHBREal hevdivSiiteP 0P AAFREBALDYEEEKEETI ON
103 of the next revolution, paraneters used in the servo control voltage

cal cul ati oduzinagset tegukl writpr eperationgday ghreescusdyedispasaedt eSthget hat
provide rapid notion and settling. This is shown as step 136 in Fig. 3A
As an exanphe, buusts puearedéailysspared by ltonf tdeddesirrd bparkt Pdhchs
the disk file would
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.nexgldata track 506.
Pairs of burst patterns that are radially separated- from one
anﬁther by three 1/4 track steps line up along a common edge.
For example, proéagation bursts A and D share a common edge along
dotted line 512. Burst pétterns ?08, 510 are relatively
positioned to preserve this relationship. For eiample, burst D
@3 . of pattern 508 and burst A of pattern 510 are also radially
aligned along 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 A=D
- position) then the relative normalized signal is 0.5 if the edges
line 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 indicafor of whether
thé 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 norﬁalized readback amplitude

varies linearly with position (a'fairly good approximation, as



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 elenments 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, nmenory 38 contains not only the normalization
“table 360, but also a preloaded reference value table 362 holding a |ist
of reference values, fOfn, for each of 25sthe sectors, On. Initially, the
reference values, fOfn, are all assigned to a sane val ue representative

of the antikewntesl FERPl48ydecie dibhistimenit thethor fominel dwackhpek signal

I f sensed 19 fromthe next

pr opagat i orefexencd halurir¢ary bhehecaimitad front tha mé8Spredqueslrtivont rol | er
33 steps through the normalization table 360 and the reference value table

362 sect ornexMakides skanat mf e i aEisdennor nal i zation val ue, vaIn
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the set 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 A and D. ‘The nominal average regerence level
should therefore be adjusted by an amount equal to 2/3 of the |
deviat;on of the relative normalized signal at the A=D position
from its desired level. | |

Fig. 6A illustrates a properly positioned burst 802 and a
mis-positioned burst 804 resulting from TMR. When centered on
the desired propagation track a distance X from the preceding
propagation track, the recording transducer 808 reads back a

. relative amplitude R for the properly positioned burst 802.

- Since this is the desired location, this relative amplitude
equals the reference value, resulting in zero PES. However,'the
mis-positioned burst 804, having 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. 6B, a block diagram is shown of a
servo control loop suitable for implementing the improved self-

servowriting system of the present invention. Control systems



of normalization values obtained fromthe A bursts, aval Oavaln, wll 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 sonme magnitude. The

di vider 40 receives Acurr 366, divides it by the normalization value, valn
374, and provides the result, a propagation burst fractional anplitude X
368, to subtractor 42. The subtractor 426 in turn, receives X 368, and
subtracts it fromthe reference value, Fn 376. The result provides a

posi tion gpdldedciBed fenerad 1 yMiinC khei bboke"Med@ih Bt il tFneyinieletringtor
42 out put when recording transducer 22 reaches the end of each propagation

burst regign KLODgaAta tpuld ishiede bys PrreatdescBal t otdxpozst igingadl Engilgwoed
servo controller 44 to read the PES 370 and_to conpute a new cgntrol
vol tage sétliififp Newhdegwmenr-ol Thel dege gratradies: W FIMprisssh Kgdtal,

drives actuator 24 inllaerdl rection that I’edUﬁeé { he P‘&S Z&e e tt"O\ﬁ%r""d
propagatlcﬁ?%(ﬂ{”&tf? _'Tll?écaépual""&fj YoM OptYeT | 'set
e P PRl R, ) TSRO LERlacel 2 WL it
output X represents the absolute position 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 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 aécount for the relative natﬁre of the
observed position signal. Thus the observediposition 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
referenée summing point 654 with the reference value R to form
the position error signal or PES. In usual 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).



20 control voltage calculation are assigned a different set of

paraneters, i.e. "propagation paraneters". The propagation paraneters are
tailored to provide rejection of nmechanical disturbances w thout
amplification of track shape errors. The manner in which they are
determined wll be described subsequently. Even though the step to the
next propagation track takes less than a full revolution, it sinplifies
matters to allow the revolution to con@ete before witing the next set of
bur st s. At this point only a single propagation track has been

witten so fiheMeasuremehtaoeclssed Eb6p SytawMuwponget he nunber of data
tracks witten with the total nunber of tracks to be witten is

necessari | fIinegat BaeckgrduhlleIpnformagiont urns to wite revolution step 132.
In this second wite revolution, the sequence controller 33 signals
pattern generat & desczibedt én sepgnéiag aprhitations segialnnpge 884344 .9R8t
of each sector precision timng mrks and product s rvoe ttern

are witt &R 98?38/8% 363 rohhehBeERELPEE Lty sifcken, PurgtonPy2
D OAUCt SCoUBBEHT S4BT HUBNESTR. BB PRI RS ehal EAUOHB '
loop attempts to follow. Hence the errors act as an additional
reference signal. The response to the hon-circular trajectqry 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 exactly follows
the desired trajectory and i§ infinitely stiff against
oy disturbances. i i
In reality, only a finite controller gain can be used, and
it must be frequency dependent to avoid loop instability arising
from unavoidable phase shifts (i.e., positive feedbackj. In
typical servo loop applications, including disk file actuator
- servos, the primary performancé objective is to provide optimal
rejection of mechanical disturbances within the constraints of a
finite sampling rate, and the resulting closed loop response
rises significantly above unity (1.5 or more) over é fairly broad
range of frequencies. No dréstic consequences arise from this
approach during disk file operation.
In self-servowriting, however, the response to a
non-circular trajectory at a given propagation track is

reproduced in the writing of the next propagation track, and that



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 nenory 38 for later use in calculating new reference val ues.

The next revolution is agai-n a normalization revolution, step 134. In
this iteration, the ADC 36 digitizes both the A & B

21 burst anplitudes, storing the B burgdg anplitudes in the nornalization
tabl e 360. Meanwhile, the servo | oop continues to track foll ow using PES
val ues cogpuled k" 9@ E‘Qﬁgédgﬁ(eﬁt eerrnbawd@ﬁ,tﬁéweles&obeagegamh track.
normal i zat'i oh val ues, and the stored ref erence val ues referably, new
ref er ence ppal ke@osatie 1oaps etpiRBbedodtesponddito e \stlept-torstepcarnow t abl e
value is set equal to a nom nal average reference val ue determ ned

previ ous| ampild fieasppnofaicabe,f 8§, whéchewillkdanse age errackatp@Bfng in this
region of the disk, plus a correction value. The correctiogn

propagation track to appear N propagation tracks later as the
error multiplied by the closed~loop response raised to the Nth
power. If the magnitude of the closed loop response exceeds
unity, any error will grow indefinitely. On the other hand, if
the closed lbop response is less than ugity, errors are still
. compounded, but the effect of an error at any one gtep eventually
deéays. Thus error compounding is effectively limited to a
finiﬁe number of steps n.

As an exahple, consider a servo loop having a closed loop

response of 0.99. N is approximately equal to unity divided by

N
i
F

the amount by which the closed loop response differs from unity,
i.e. n=1/(1-0.99)=100 in this case. Systematic errors sﬁch as
written track width modulation will grow by about this factor n.
Under these conditions, where the closed loop response is less
. than unity, track to track efrdr is relatively small, and
substantial growth can be tolerated without exceeding the
absolute circularity limit of roughly one track spaéing.

Viewed as a time waveform, the written burst lpéétion error
trajectory is. a perfectly repetitive function with a repeat
frequency equal to thé 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



val ue may conprise, for exanple, a predeternined fraction of the
previously stored PES value 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 revobation. Preferably, corrective

val ue calculations are initiated during the wite revolution 132 and

conpl et ed MELEIP14W SLCEKE Fhpddtg L RRuFdmiy, @0kt s 0Bads8the UPLek | AGtaHEon
reference val ue table just prior to conputation of the control voltage.
-Swi t chi ng fitaquendyhe BE'Hus sttshd arelbfamofregaenohes atiewhjchcese chopseds,
i.e., another step revolution is executed (step 138) wherein transducer 22
steps to tIRCMaEasEAFradstorbe ket belaw gRdévbsre a4l tintegmaliimphtipley

132, in which C bursts, tinin%znarks and product servopatterns are
witten. -E;he disk rotation frequency. As a frequen% dependent

quantity, the closed loop respénse 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 le#s than unity. _

Choosing the servo loop paraméters to ensﬁré that the closed’
loop response is less than uniﬁy during writing is a simpie
method that provides a substantial reduction in random mechanical

; motion while ensuring that error growth is bounded. But the
inclusion of correction values when computing new reference
values in step 140 of Fig. .3A, alters the situation. As
previously discussed, each new reference value is preferably set
equal to a nominal average reference value plus a corrective

. value. -Also previous;f noted, {the corrective value may simply
comprise a predetermined fraction, f, of the previously recorded
PES value for the corresponding sector. According to this
relatively straightforward approach, the PES readings are
utilized directly as a time waveform. In this case, the
step-to-step error émplification factor, S, no longer equals the -
closed loop response, C. Rather, it contains an additional

correction factor, £, such that S=C+f(1-C). Consequently, S must



continues (Wwth A bursts following F bursts) until the desired nunber of
data tracks have been witten, resulting in a yes answer at decision step
142 and term nating the process at step 144. In the discussion so
far, it has been assuned that the recording read transducer and wite
transducer are one and the - sane, as in the typical inductive read/wite
el ement commonly wused. Relatively recently, however, "dual elenent”
transducers enploying separate read anggpwite el enents such as magnet o-
resistive (MR) transducers have cone into use, and require special

attention yadd 4 Gedh duitid U IR TR LRt @Nde COMN I it YralPmRNAAYIIRN of

track spacing by neans of nom nal average reference value settings. Fig.
4A is a regliexvtiation Hfeqiendy iolagdueer bouh@s®i dride greadmnd wite

el enents, 420, 422 have different widths, W and Wy, respectively, and a
relative of f setIn Whe flmatmden abloyier, Sespékei Ce tora regctorof sompdex Fi g.
4B graphically represents a variation in the normalized readback |

anpl i t ude 9¥eRANY MHd e fondeing Fregugncycinderandent and (GontFaigingeng.
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S is less than unity, except for the special cases where the
magnitude of all elements of C are all >1 or <1. Thus,
calculating corrective values as a fraction of the.previous PES
#alues'is useful in certain circumstances and offers the virtue
of simplicity, but fails to provide a general capability of
ensuring bounded error growth togethér with high gain servo
performance in which the magnitude of C exceeds unity'at some,
‘but not all frequencies.

These shortcomings may be resolved by treating the vector of
previoﬁély recorded PES values as é repetitiQe time waveform and
by digitally filtering it to produce the refe;ence table

. correction values. This method is equivalent to genefalizing 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‘necessafy frequencies, i.e., multiples of the rotation
frequency, is to compute the coefficients of the discrete Fourier.
transform of the waveform of 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



curve .406 represents the range of actuator novenent in which the read
elenment is radially aligned inside the witten pattern to produce the best
readback signal, and is equal to WwW as indicated.

23 As shoul d be apparent from Figs. 4A and-4B, the actuator novenent
required to reach a particular |evel of anplitude reduction depends on
read el ement width, wite elenent wdth, relative offset, and direction

of .notion. It is desirable, however, tRat the propagation track spaci ng be
determ ned only by the read and wite el ement w dths, and not by head

aftset, S!PESaud% APPALEN A e ulleddln."CAE hiw AL PLAlYcE VAR Siok

drive changes as ? he actua sweeps fromthe out ernos o the 1 nnernost

track in acfbsgkedmpeeed WY dduidd'&miRAl 13l e38BMNEYE H6rm Olo Lo il
wite elements along the "actuator armdirection |eads to different

proj ect ed hveLddgedNEefdrdice Nalicand MMddseripk@BANGS €he iddretss Falefieaed
by the actuator armnotion. Dependency on read to wite el enent offset may
be el i m nateansfoxm and the. formulae associated with it can be found in
"The Electrical Engineering Haﬁdbook" published by CRC 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 thgt onlyfa 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
Esi frequencies at which the magnitude of the closed loop response
exceeds unity need to be included. The factor f can equal zero
for othér frequencies, and corresponds to simply truncating the
Fourier series transformations.
The filtering technique described above allows one to set
. specific values for the elements of S. The closed loop response
may first be adjusted by means of the servo parameters to prévide
a desired level of mechanical disturbance rejectionf Then, the
appropriate values for f are computed using the formula
f=(s-C)/(1-C). , -
Unbounded growth of errors is avoided by keeping the
magnitude of all elements of the vector S 1eés than unity. In
considering the growth of systematic errors such as write width

modulation, the error in track shape levels off at a value equal



manner: whi ch requires no prior know edge of the precise geonetry of the
head and whi ch can be achi eved sol ely through neasurenents of readback
anplitudes, as described in co-pending application serial no. 08/ 349, 028.
But for conpleteness, this approach will be described next with reference
to Fig. 5. Fig. S illustrates the manner in which a six burst
propagation burst region is used to wite data tracks during
self-Servowiting. Each propagation burgi (A-F) is radially displaced from
an adjacent burst by a step conprising 1/4 of the desired data track

pitch. Track pitch 520 conprises the wite elenent wdth éyhich etern}pes
the wi dt h tef thige bagea virisek yigthsmodndagden r eimes, i LIC-§)dnéd rowhere the

separatiop 510 belvecn 20 68N o3k BRE miBfue Wheckah LAl 1120k

It L e T b et e e
radi al |y $Raerd iy thete?brehoctgsinedet 1ACK DétEkbse to 1. Conversely,
the cumulative effect of randoﬁ 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
tracks. Minimizing the write width modulation term reduces this
effect and allows choices of S which 6ptimize rejection of random
mechanical motion. Other choices of step factor S, including
complex-valued ones, may prove to be optimum depending oﬁ the
details of the disk file heads, recording media, and mechanical

- properties.

II. B. Improved Closed Loop Measurements

The preceding discussion of closed loop parameters provides
thé.background for a fourth improvement to the self-servowriting
system. As described above, the correction factor f is
represented by the relationship f = (S-C)/(1-C). To calculate £,
the system designer reqﬁires detailed knowledge of the closed

loop transfef function. However, the plant of the servo system



tthe write head is first aligned with burst A when witing data track 504.
Next, the wite head is aligned wwth a burst four steps or propagation
tracks away, which in this case is burst E,- when witing 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
exanpl e, propagation bursts A and D share a common edge al ong dotted |ine
512. Burst patterns 508, 510 are rel atgyely positioned to preserve this
rel ationship. For exanple, burst D of pattern 508 and burst A of pattern
510 are also radially al i gned al ong a conmon edge. ~ If the read

el enent 5€AN Yap¥sPVRBEnEArhPuUE PEiPEEt ORothR &Sk, pThugy ntBeoPEBPPASEH t he

| i dback |itude f b I h li.zed dback
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relative perFekpdfid toShIpdhralitPeof—Ersdddddn 168%thenySed asradial
i ndi cat or of whet her the propagation track pitch is too small or too

| ar ge, andotatibsn wpthchespecbetooardiskdsunfacs,ngrt bransebaseveosifneart o
adj ust the nom nal average reference val ue used to cal cul ate reference
val ues dutiragkgiopagat inna tapeocdniverzeds rimdetermingdi bydmeasyuingss
“linearly ?%;glgogétggge(gtLgLrEXd 2ggma'£”fng2¥g gg’saguch as the closed
loop response or other servo system parameter observed to vary
with S. If the measured indicium has_varied*more than an
acceptable émount, e.g. as defined by a range of acceptable
values for that indicium, one of two courses of action.méy then
be taken: 1) either the £ parametéfs are recalculated to
maintain a desired value of S (preférably §<1); or 2) the closed
loop response is adjusted to méintain a desired C, e.g. by
adjustiﬁg the controller gain or other parameters in the feedback
control lbop. An example of the latter process in a
proportional, integral, derivative (PID) type servo control loop
. would be to adjust the PID pardmeters. The latter approach is
less desirable than the former, since it is dependent upon'tﬁé
plant. That is, C = (Gp * Gc)/(1+ Gc * Gp), where Gp is the gain
of the plant, and Gc is ﬁhe gain of the control. Thus plant gain
may'éhange beyond the range of adjustable control gain wvalues
required to maintain a desired closed loop value.
| One implementation of the pfoposed invention is shown in the

flow diagram of Fig. 3C. In this embodiment, an S determining

step 333 is executed during certain iterations of the servowrite



25 shown in Fig. 4B), the adjustment in the nom nal average reference

val ue can be conputed fromthe neasured relative nornalized signal at the
A=D posi tion. The rel ationship nay 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 normalized signal at the A=D position of 3r/2,
since each of the three steps, Ato B, Bto C, and Cto D, contributes a
spaci ng change equal to r, and these chaAages are shared equally by A and
D. The nom nal average reference |evel should therefore be adjusted by an

anount equpkotesd/ 8sofiet 8£mifled | BY | ddc DEidhasted) 3BiLNE DO FBbE Z&6m& | gPRéx at
the A=D position fromits desired |evel. Fig. 6Aillustrates a
properly pésdicbamdobuindidde @ands a( swels-gm0 )t ilsnddtbmminedOtio rles Ui thnin
from TMR. Wen centered on the desired propagation track a distance X from
t he precedPRgaCEeBPpaBLE| HANG? acho adiuglurantdiifymadgmsdhEckheobndiaam btk a

out of range, however, a recalculation of the f values or
réadjustment of the closed looé response is executed as shown in
step 334.
In a first embodiment, the readjustment is executed every
Nth iteration of tﬁe process, where N is a fixéd number or
sequence of numbers storéd, for example, in a regi;ter in memory
38, so that determinations of S are scheduled to occur at
predetermined intervals. It was found that for a particular
family of IBM Ultrastar 3.5“ disk drives a fixed value of N;40
was satisfactory where C was the indicia. ’ i
Alternatively, frequency of measurements may be dynamically
.scheduled to occur only when an adjustment to maintain S is
necessary, e.g. by monitoring some indicium or indicia of
variations in S in the servo system. In circumstances where the
- closed loop variation with transducer position is unknown or
erratic, the fregquency at which measurements of the indicium of S
are made is adjusted adaptively. For examplé, N ié initially set
to a default value such as 40, and is then increased or decreased
by the processor 33 -based upon the actual measured Qériation
between successive measurements of the indicium. N is increased .
if the observed variation falls below a predetermined threshold
value, and decreased if it rises aﬁove the same or another

predetermined threshold value.



relative anplitude R for the properly positioned burst 802. Since this is
the desired location, this relative anplitude equals the reference val ue,
resulting in zero PES. However, the mnis-positioned burst 804, having its
edge shifted an amount E fromthe desired propagation track |ocation 806
relative to the wdth of the transducer 808, results in a relative
readback signal of R+E Referring nowto Fig. 6B, a block diagramis
shown of a servo control |oop suitabl e3§or inplementing the inproved self-
servowiting systemof the present invention. Control systens

26 are descri hesh@oneid! dond fad e RARK {VadaketERRt AOpaEROéRESF i Ng" by K
Qgat a published by Prentiss-Hall corporation of Englewood diffs New

Jersey. Thimp et icn | £ife SHe oWttt itiggiatehraser veqiinéd caner 44, DAC
46, and VCM driver 48. The "plant" 852 conprises actuator 24 and recording
t r ansducerpeformangs adesited putFof rsystemsnwherkethesstep efaedxi on of the

recording transducer in units of relative head width. During
amplification or indicia thereof has little variation with

transducer position, indicia méasﬁrements will preferably be less
freQuent than for systemé having substantial variation.

Referring back to Fig. 1, the preferred servo loop is
implemented using a PID type servo controller comprising a
personal cbmputer 44 and a commercially available data
acquisition plug-in board containing timing control circuitry 32, -
an ADC 36, and a DAC 46. Together with an amplitude demodulator
34, a VCM current driver 48, and a gated osciilator in pattern
generator 30, the system is hooked up to a disgk drive 20 and the
six burst propagation sequence as described above (including the
precision timing mark generation process together with.a phase
encoded servo pattern generator controlled by an additional
computer) is carried out using various servo loop parémeters.

- Such a system is suitable for use as an exterhai servowriting
system to be attached to the disk files through an electrical
connector. Alternatively, the described functions are reduced to
just a few integrated circuits to be included in every disk file
for complete stand-alone self-servowriting.

In the described servo loop, the control voltage equals the
sum of 1) a proportional value times the PES; 2) an integral
value times the sum of all previous PES readings; and 3) a

derivative value times the difference between the present PES and



sel f-propagation, the only observable signal is the position of transducer
22 relative to recording nedium 26, but it is useful to consider the

absol ute position X for the purposes of analysis of servo |oop
performance. A loop summ ng point 856 is explicitly included to account
for the relative nature of the observed position signal. Thus the observed
position signal equals the sumof the absolute position X and the burst
position error E. Thi's signal X+E is c@édined at a standard | oop

reference summng point 854 with the reference value Rto form the

posi tion eip@r pEsdRdbmOtnBEBrebBatfilakeéash OMdie tholBe $HPYEsNEXE tO the
incoming arrows at a sunmm ng point fepresents a sign factor to apply to

each signakxafpoes 6ENBeRgo papafetBes PEat eldws aBja¥tihent of the servo
27 11. Measurenent of C osed Loop System Response 11. A Background

| nfor mat i oelosed léepdeespphbee (bheopatile uf de positdonseignal noesponse
08/ 349, 028

to a reference level modulation at a given frequency).

The closed loop response ;t any frequency is used as the
indicia of S and is determined, for example, by applying a known
reference level modulation at that frequency while measuring the
position signal response at the same frequency; This is
achievable without extré circuitry, éince the compute: that
functions as the digital servo controller 44 has access to the
real time position signal and has the capability of substituting
sinusoidally modulated referenée fable values. By Fourier
transforming a series of position ‘signal readings obtained while
applying a predetermined reference table modulation, the computer
determines the magnitude and phase of the response. _
Alternatively, standard methods of servo loop analysis are used

to éalculate the closed loop response from a knowledge of the
- controller.

From the closed loop transfer function obtained, the
reference values are recalculated to maintain the same values for
the S£ep factors S. Alternatively, the servo contrpller gain,
Gc, is changed to maintain a desired closed loop transfer
function given by Gc * Gp/ (1 + GcGp).

As described so far, the correction terms used to compute

new reference values involve only the PES waveform recorded

during the preceding write revolution. It shall be understood,



and 08/ 08/ 405, 261, the net effect of the witten burst |ocation errors is
to produce a non-circular trajectory that the servo |oop attenpts to

foll ow. Hence the errors act as an additional reference signal. The
response to the non-circular trajectory is given by the closed | oop
response of the system Normally, it is desired that the closed | oop
response of a servo |oop be exactly equal to unity (in which case the
controller gain would approach infinityy. Such a system produces an out put
that exactly follows the desired trajectory and is infinitely stiff

agai nst %5%5@5 n%ﬁ%t other Eﬂfﬁ?ﬁét&%n PkY1abid HARrC Rt sekbpingamaycan

be used, requency dependent to avoid loop instability

arising fHnge %@a\i%(i%aba phach aBi hbeufhilftion9dt iptevioashPEE) waveforms
typical servo |oop appllcatlons including disk file actuator servos, the

primary peif eveaneheOPESCWave fotmt Grpmothedenarmaipdatiosn aeviodutipn.
mechani cal di sturbances within the constraints of a finite sanpling rate,
and the r asditiiogadlysedmproyedeppsfiormanee cwith g}'rﬁqqr@aﬁ-tq F“‘*&b&?écﬁn Ff‘?pe
(1.5 or nore) over_a fairly broad range of frequ C|es

ras
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sel f - servomﬁltln however 5 ect at a
gi ven pr o958 CONRLEX R g?ri&gﬁf §§§§E%§n§ ﬁesgq##ﬁgh% i §E%@§ What
propagathg e %%%ti%ﬂd %h%hat corrections ‘to the reference values are
based on data available prior to stepping tp the new track

location.

III. cOnclusibn
In summary,.controlling the growth of errors is critical in

i a typical disk file requiring many thousands of steps to
servowrite. Thus it is important to recognize that error growth
is attributahle to the special properties of servo loops as
applied to a repetitive self-propagation process, and that such
error growth may be remedied. Remedies include, for example,
‘providing a desired closed loop response, e.g. by adjusting the
servo control gains, or by providing desired step amplificatibn
factors, S, e.g. by digitally filtering the PES recorded during a
write revolution to compute f values which assure that the step
ampiification factor does not exceed unity at any relevant
frequency. The effectiveness of these remedies is further
enhanced by the proposed improvement of periodically measuring an
indicium or indicia of the step amplification factor, such as

closed loop response, as the transducer moves transversely to the



28 " tesponse is reproduced yet again on the next . propagation track. The
cl osed | oop response corresponds to a step-to-step error anplification
factor, S, which will cause an error at one propagation track to appear N
propagation tracks later as the error nultiplied by the closed | oop
response raised to the Nth power. If the nmagnitude of.the closed | oop
response exceeds unity, any error will grow indefinitely. On the other
hand, if the closed |oop response is | 88s than unity, errors are stil
conpounded, but the effect of an error at any one step eventually decays.
Thus error conpounding is effectively limted to a finit unber of steps
n. AL %&hﬁ%t%rﬁi ‘a s‘.éfr vo 1FogpERER AR 2 de of =
response 1 RN i nat el qu o] [ Ly de R t
by which t neq’c%es}‘?eé(}qlosepp r@?&on@;g 'di%fﬁé_r ghfe %‘oﬁ“ﬁn%’%?/i,jénlhﬁje& %dl&% N,
n=I/(1-0. WG1Q d £ KA RS e arey BorFeldtedetbohgiftieth a5 wiMHild @ track

‘Wi dth nodulation will grow by about this factor n.
acceptable range. - This improvement achieves substantial

rejection of mechanical disturbances for greater track densities.
A number of specific embodiments have been described
encompassing the presént 1nventi6n. Nevertheless, it will be
understood that various modifications may become apparent to
those haﬁing ordinary skill in the art of self servo propagation
without departing from thé'spirit and the scope of the present
i@vention. Accordingly, it is to be understood that the
iﬂvention is not to be limited by the specific illustrated

efibodiments, but only by the scope of the appended claims.



Under these conditions, where the closed | oop response is less than unity,
track to track error is.relatively small, and substantial growh can be
tolerated without exceeding the absolute circularity Iimt of roughly one

track spacing. Viewed as a time waveform the w-tten burst |ocation

error trajectory is a perfectly repetitive function with a repeat
frequency equal to the rotation frequency of the disk. H 'm”m: _
Fourier analysis is that any such repetijg ve waveform M m

spectrum cont ai ni ng non-zero anplitudes only at the discreﬁefseﬁ of
frequenci es corresponding to integer - o
29 nmultiples of the repeat frequency, i 13 case the disk rotation

frequency. _Thys,. the relevant frequencies at which the closed |oop
response nﬂé#ﬂbéﬁ«§;9%ﬂ54mhﬁnnty are all integral multiples of the disk
rotati on frequency. As a frequency dependent quantity, the closed | oop
response Cis actually a vector of conplex nunbers having both a nagnitude

mfit ?pfgagg. Wt QA Grs tRine TR wain_;tm@ WP BEat Oty CSP NHAWE (SF PaRAitiion| ar
information to a storage medium in a storage device, the position
information being used by a servo system to position a transducer
relative to the medium, the servo system having a step-to-step
. error amplification factor S§ which may vary with transducer
movement transverse to the direction of the tracks, a method for

reducing propagation of track shape errors from one written track

to the next, comprising the steps of:

i for a plurality of transduceripositions in a direction
transverse to the track direction, determining S; and
if. s is not within a predefined range of values, adjusting S

such that its value falls within the predefined range of values.

T 2. The method of claim 1, wherein § is determined by measuring

an indicium of S.

3. The method of claim 2, wherein S is adjusted by adjusting
the indicium of S to produce an S within the predefined range of

values.

4. The method of claim 1, wherein the servo system has a closed

loop response, C, and wherein S is determined by measuring C.



the rotation frequency. It is the magnitude of each el ement of the vector
that nust be less than unity. Choosing the servo | oop parameters to

ensure that the closed 1oop response is |less than rg%ilnggg%gg_ﬂﬂLLng S
a sinple nethod that provides a substantial reduct onlnechanlca
nmotion while ensuring that error growh i s bounded.

correction val ues when conputing new reference val uga“l“ﬂ H“\ ml H“FF
3A, alters the situation. As previouslyoedi scussed, eﬁence
value is preferably set equal to a nom nal average reference vaIue plus a

corrective value. Also previously noted, the.corrective value may sinply
conprise a predetermned fraction, f, of the previously recorded PES value

for the cog(espondi netEeat 6f - cﬁsmrd; Nghd:e itriss isf ahgﬁswaybfta@;;mmgverd
approach, the PES readings are wutilized directly as a tinme waveform 1In

t hi s case, tohproduee-an-Stweptikein cthenmtedd fiatddorahget of , vdlues. | onger
equals the closed |oop response, C. Rather, it contains an additional
correction factor, f, such that S=C+f (I -C). Consequently, S nust

6. The method of claim 5, wherein C is adjusted by changing a

servo parameter.

7. The method.of claim 6, wherein the servo parameter comprises

a servo controller gain.

8. The method of claim 6, wherein the servo parameter comprises

a PID parameter.

9. The method of claim 1, wherein the servo system has a closed
loop reSponse, C, and a correction factor f, and wherein S is

dependent on C and f£.

- 10. The method of claim 9, whérein S is determined by first

determining C and then determining § from C and f£.
11. The method of claim 9, wherein S is adjusted by calculating
a new £, such that f and C produce an § within the predefined

range of wvalues.

12. The method of claim 9, wherein f comprises a set of values.



30 "have a magnitude of less than unity at all integral multiples of the
rotation frequency to assure bounded error grow-h- In the formul a
above, S, like C, is a vector of conplex elenents, while f, being

e ted e T 2ok Cpocstbr "o P'naan MGHUMEURIARDAMEG  « .ce o

every elenment of the vector S is less than unity, e%bedt flor st he speci al

cases where the magnitude of all elenemis of C are all >1 or <1. Thus,
calculating corrective values as a fraction of the previous PES values is

useful in &??EF%ﬂe%ééﬂgﬁté‘fcéi%lﬂﬁﬁ%gffx?ﬁéréi*}{a /ijist usteggéﬁga%?cmstbut

fails to provide a general capa 0 ensuri ng boun errof growh

toget her wWibtePhiMifgi @ &84 VEheRCAELEFRDEENG 5 Wiomhct RAdMBENLEESE heCof
exceeds unity at sone, but not all frequencies. These shortcom ngs

may be resthe#esebyofrealuag the vector of previously recorded PES val ues
as a repetitive tinme waveformand by digitally filtering it to produce the
reference table . correction-values. This nmethod is equivalent to
generalizing the factor f, such that i-t-also becones a vector with

e

conpl ex- vat¥ied The opethed afnGlabesld; whexain & i adjpebediPyiepipyglating

al or 11hM , L3t s0 U P ALED, PO IERat ¥ And SSXROE' bYalSh §HO8%8nin

the predefined range of values.

15. The mgthad of claim 1, wherein the predefined range of

values are each less than unity.

16. The method of claim 1, wherein the storage device comprises

a disk drive.

17. The method of claim 1, wherein S8 is determined every Nth

track during servowriting, where N is a fixed number.

- 18. The method of claim 1, whérein S is determined every Nth
track, whére the value of N is adjusted adaptively based upoﬂ at

least one previously determined value of S.

19. The method of claim 18, further comprising the steps of
setting N.;o a default value, determining first and second values
of § at first and second transducer positions, and adjusting N
based upon the difference between the first and second determined

" values of S.



al’l "'necessary frequencies, i.e., multiples of the rotation frequency, is
to conpute the coefficients of the discrete Fourier. transformof the
wavef orm of PES values, nultiply each by a conpl ex-valued scale factor

(the set of which conprise f), and then i nvert the t _Lansiepﬁ+usrng‘rﬁ“

scal ed coefficients to

a filtered tinme waveform The new reference val ues ar eu‘ln B!‘\gggﬂﬁ‘
adding this filtered waveformto the nogpnal average e
description of the discrete Fourier transformand the ornulae aSSOCIated

with it can be found in "The Electrical Engineering Handbook" published by
CRC Press of Boca Raton. Rapi d and efficient conputation-algorithms

such as thgoFasihe FRSEhSd Jf BB of MIPWRE-dITEd 19 ABEkeaBeahesrenei site
cal culations, but in practice it is found that only a limted nunber of’

f requency dnﬂféréneetSaltgrmémﬁwwahﬁmréShqxa'hauaeas many as the first 6 or
8 nultiples of the rotation frequency, are
21. The method of claim 19, wherein N is increased if the

difference rises above a threshold value.

22. The method of claim 10, wherein C is a vector and is
determined by applying a sinusoidally modulated reference value
to the servo_éystem at a fixed frequency while measuring the

servo system response at the same frequency.

23. The method of claim 22, further comprising the step of

Fourier transforminé.a plurality of position signal readings
obtained while applyiné the modulated reference value to the

e

servo system, to determine a magnitude and a phase of the

response.
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usual 1y required. To ensure bounded error growth, only frequencies at

whi ch the magnitude of the closed | oop response exceeds unit to be
i ncluded. The factor f can equal zero for other—freqﬁ@ﬁETnglaﬂggd
corresponds to sinply truncating the Fourier seri ur““ngs.

The filtering techni que descri bed above all ows onim“‘\i\gwma val ues
for the elenents of S. The cl osed | oop response ci rst be fdj‘usted by

means of the servo paranmeters to providet3 a desired | evel of mechanica
di sturbance rejection. Then, the appropriate values for f are conputed

usi ng the 6@ MupgeabatSeChbllaQvowritindNhempdad gponth of errors is
avoi ded by keeping the magnitude of all”elenents of the vector S less than

unity. In considering the growth of systematic errors such as wite width
nodul ation, the error in track -shape |levels off at a val ue equal
32 to the basestpragewnediumofiotastoning repliraCigy/ 0f- Srackbeog t he

information including position information, the position
information; ~_

a transducer capable of writing information, including the
position information, to the storage me&ium;

a servo system responsive to position information on the
storage medium for positioning the transducer relative to the
tracks, the servo system having a step-to-step error
amplification factor S which may vary with transducer movement
transverse to the direction of the tracks; .

R : a measuring circuit including a processor to determine S
for a plurality of transducer positions in a direction transverse
to the track direction, to determine if S is out of a predefined
range of values; and

an adjusting circuit coupled to the measuring circuit to

- adjust § such that an 8 havingfa value within the predefined

range of values is produced.

25. The apparatus of claim 24, further comprising a
proportional, integral, derivative (PID) type servo controller, a

personal computer, and a data acquisition plug-in board.

26. The apparatus of claim 25, wherein the plug-in board further

comprises timing control circuitry, an ADC, and a DAC.
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base Wite width nodul ation is the ampunt of track wi dth nmodul ati on t hat
occurs at each wite step. The net track shape error is therefore very
large if Sis close to 1. Conversely, the cunul ative effect of random
mechani cal notion is magnified if the step factor is chosen to be nearly
zero, especially if-Cis close to 1. This ochMor f
Itself becones very large if Cis close to 1. ul choi ce
of S that has been found to give excelghent resul iﬂll“m‘ Immm [fl | es
studied so far is 0.9. This reflects the fact th let s Aor¥ inportant
to keep random errors small than it is to maintain absolute circularity
of the tracks. Mnimzing the wite width nodulation termreduces this

ef fect and 2| oo holetnls S 1P Bd M ABEEEN0RS Hotlfo AU further

mechani cal “not i on step ‘factor I ncl udi ng

conpl ex- valdéhraiRs diflanyiatided digncdriliatem, dép%ldlékﬂrﬁhﬂ herivele) adns of
the disk file heads, recording nedia, and nechanical properties. 1. B

| mproved Clgaseai Iumll\naamr,eranu stherein theesprecesisigen i ix usniplredftelased
| oop paraneters provides t he background for a fourth inprovenent to the
sel f - ser voisadiasy St@?&ﬁarﬂevw-descrl bed above, the correction factor f is
represented by the relationship f (S-O/(1-C. To calculate f,

28. The apparatus of claim 24, wherein the storage medium

comprises a recording disk.

29. The apparatus of claim 24, wherein the apparatus is

substantially contained within a sealed storage device.

30. The apparatus of claim 29, wherein the storage device

&

comprises a disk drive.

31. The apparatus of claim 24, wherein the measuring circuit
determines S by measuring an indicium of S.

32. The apparatus of claim 31, the adjusting circuit adjusts S
by adjusting the indicium of S to produce an § within the

predefined range of values.

33. The apparatus of claim 24, wherein the servo system has a
closed loop reéponse, C, and wherein the measuring circuit

determines S by measuring C.

—_—
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t e 'syst em desi gner requires detail ed know edge of the closed | oop
transfer function. However, the plant of the servo system

33 can vary over various points on the disk. Fhus—thepropesed—

| nprovenent conprises determning S at the beginpi nd at various
points in the servowiting process. The various El!ﬂ @ lw uﬁﬁ dto a
plurality of transducer locations in a radial | 1 s ect to a

di sk surface, or transverse to linear tgsacks, e.g. in a tape drive. Sis
determ ned by neasuring S itself or sonme other indiciumor indicia of S

such as the,cl 03kl JA9R-LEEPERSE, R1OLHCT LRSIV SHRI SARATE &1 ohser ved

to vary wth S asured i'ndicium has varie

accept abl e Rl s€py a@5udeihgCe ¥ Brbanse & AU e YRledsEihel
that indiciu one of "two coursés of action may then be taken: 1) either

the f par afRinges odr #al@eal.cul ated to maintain a desired value of S
(preferably S<1); or 2) the closed |oop response is adjusted to maintain a
desired C, e.g. by

35. The apparatus of claim 34, wherein the adjusting circuit

adjusts C by changing a servo parameter.

36. The apparatus of claim 35, further comprising a servo
controller coupled to the servo system, and wherein the servo

parameter comprises.a servo controller gain.

37. The apparatus of claim 36, wherein the servo controller
F comprises a PID, and wherein the servo parameter comprises a PID

parameter.

38. The apparatus of claim 24, wherein the servo system has a
closed loop response, C, and a track to track correction factor

- £, and wherein S is dependent on C and f.

39. The apparatus of claim 38, wherein the measuring circuit
determines S by first measuring C and then determining S from C

and f.

40. The apparatus of claim 38, wherein the adjusting circuit
adjusts S by calculating a new f, such that f and C produce an S

within the predefined range of values.

-
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adj Usting the controller gain or other parameters in the feedback contro
| oop. An exanple of the latter process in a proportional, integral,
derivative (PID) type servo control loop would be to adjust the PID

paranmeters. The latter approach is |ess desirable'Tﬁéﬁ‘TﬁE“TB?ﬁE?T~§Thce

it is dependent upon the plant. That is, C= (& * ﬂ“““mnmt)vmre
G is the gain of the plant, and Gc is the gain of Sﬁ M“ | ant
gain may change beyond the range of adjagtable control* ga&i ntvatues *
required to maintain a desired closed | oop val ue. One i npl enentati on
of the proposed invention is shown in the flowdiagramof Fig. 3C. In -
this enbodinent, an S determning step 333 is executed during certain
'terat|0n544ﬁ.t'ﬁhé*%?ﬁaﬁdﬁd% of claim 38, wherein f comprises a set of 34
process as determ ned by decision step 331. If S or some other indiciumor
I ndicia of v@lusasch as C) is determined to be wwthin an acceptabl e range,
no adjustnent is made. If the indiciumis out of range, however, a
recal cul ation of the f values or readjustnent of the closed | oop response

i s executed as shown in
2. The apparatus of claim 41, wherein the measuring circuit

determines S by first measuring C and then determining S from C

and at ;east one of the set of values f.

43. The apparatus of claim 41, wherein the adjusting circuit
adjusts S by calculating a new set. of £ values, such that C and

each £ produce an S within the predefined range of values.

s 44. The apparatus of claim 24, wherein the predefined range of

values are each less than unity.

~45. The apparatus of claim 24, wherein the storage device

comprises a disk drive.

46. The apparatus of claim 24, wherein the measuring circuit
determines S at every Nth track during servowriting, where N is a

fixed number.

47. The apparatus of claim 24, wherein the measuring circuit
. determines S at every Nth track, where the value of N is adjusted
adaptively based upon at least one previously determined value of

S.

~ This Sheet Has Been Replaced-




st'ep 834. In a first enbodi nent, the readjustnent is executed every
Nth iteration of the process, where Nis a fixed nunber or sequence of
nunbers stored, for exanple, in a register in menory 38, so that

determ nations of S are scheduled to occur at predetermned intervals. It
was found that for a particular fanily of IBM U t+astar—3"5" disk drives a

fi xed value of N=40 was satisfactory where C was t il Ghins | :
Alternatively, frequency of neasurenment 7may be dyng’mg ﬂ“‘““‘“&\“““l\?d to
occur -only when an adjustnent to maintain Sis nec ¢y, Le. 4. by * :
nonitoring sone indiciumor indicia of wvariations in Sin the servo

system |In circunstances where the closed |oop variation with transducer

P i om 8 4" o r UL B cabllfh, BTCIHRORY A oil e dIASY St el t1e

indiciumof S are e I's adjus trve or exanple, Is tnitially

set 10 a Mehdidd ctRip#e sEdCh 28gi@te?N¢okrSsthBIng i GIHRA A WiAWLHTEH, by

the processor 33 based upon the actual neasured Vvariation between

successi vesulaactere foxr efalchdaitidigeiaudifEerente Getaaash fifrsithanmb sercom
variation falls bel ow a predeterm ned threshold value, and decreased if it
ri ses abovwieterminede velugsocdeN, pnddat pratessox reanti@dl tmalthe register

and subtractor for adjusting N based upon the difference.

49. The apparatus of claim 48, wherein the processor decreases

the valﬁe of N if the difference falls below a threshold value.

50. The apparatus of claim 48, wherein the proqessor increases
the value of N if the difference rises above a threshold value.
51. The apparatus of claim 33, wherein C is a vector, wherein
the meaéuring circuit further comprises a signal generator and a
processor coupled to the servo system, and wherein C is measured
by the signal generator applying a sinusoidally modulated

- reference value. to the servo system at a fixed frequency while
the processor measures the servo system response at the samé"

frequency.

52. The apparatus of claim 51, wherein the processor measures
the servo system response_by receiving a plurality of position
signal readings obtained whiie the modulated reference value is
applied to the servo system, and determines a magnitude and phase

-of the response from a Fourier transform of the readings.
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35 v Conpeting considerations in selecting a particular inplenmentation
are the servowiting accuracy required and perfornmance desired. For
systens where the step factor anplification or indicia thereof has little
variation with transducer position, indicia nmeasurenents will preferably
be less frequent than for systens having substantial variation.

Referring back to Fig. 1, the preferred servo loop is inplenented using a
PID type servo controller conprising a personal conputer 44 and a
commercially avail able data acquisition %%Hg in board containing timng
control circuitry 32, an ADC 36, and a D Toget her with an anplitude
denodul ator 34, a VCM current driver 48, and a gated oscillator in pattern
generator 30, the systemis hooked up to a disk drive 20 and the six burst

propagati on sequence as descri $EDFSERMOWRITINGISYSTEM preci sion tining
mark generation process together with a phase encoded servo pattern
generator controlled ¥WITdhDANAMICERRORPROPAGATION REDUWOTKIN usi ng
various servo | oop paraneters. Such a systemis suitable for use as an
external servowiting

ABSTRACT

A self-servowriting system and method for iinplementation in a storage device such as
a disk drive (20) are described. Greater resistance to mechanical disturbarnces and
reduction in error growth are achieved, in part, by adjusting a step ampljﬁcation factor, S,
at the initiation of servowriting to within desired parameters. However, S is known to vary
with movement of the bead in a direction transverse to the direction' of the tracks. This
problem is addressed by the present invention, wherein S is determined at a plurality of
transverse transducer positions. Determination of S is scheduled to occur at predefined
intervals. The intervals may be fixed or adjusted adaptively based upon the measured

variation of § with transducer position.

Fig. 1
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systemto be attached to the disk files through an electrical connector.
Alternatively, the described functions are reduced to just a few
integrated circuits to be included in every disk file for conplete

st and- al one sel f-servowiting. I'n'the described servo | oop, the
control voltage equals the sumof 1), a proportional value times the PES;
2) an integral value tines the sun1oﬁ all previ ous PES readings; and 3) a
derivative value tinmes the difference between the present PES and

36 the PES fromthe precedijng lsector. The hree values are exanples of
servo paraneters that allow|agjjustnent of §h servo cl osgd | oop response
(the ratio of the posi n gi | res ferenéE | evel nodul ation
at a given frequency). cl gsled | oo resp5h§ﬁiﬁ ﬁ&éfrequency i's
used as the indicia of S aj s determ ngg,] for exanmp| & ppryrmga
known reference |evel nodul on at |t atﬁgr while ;e suring t
position signal response at the sane fégpqg y. This Is Q: ﬁf
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achi evable wthout extra circuitry, since the conputer that functions as
the digital servo controller 44 has access to the real tinme position
signal and has the capability of substituting sinusoidally nodul ated
reference table values. By Fourier -transformng a series of position

si gnal readi ngs obtained while applyi2yga predeternined reference table
nodul ation, the conputer determ nes the magnitude and phase of the

response. Alternatively, standar servo | oop analysis are used'
to calculate the closed | oop resp know edge of the controller.
Fromthe closed | oop transfer functyo rned, the reference values are
recal cul ated to maintain the sanme valge the step factors S
Al ternatively, the servo conﬁ?bll rygain, , 116 changed tp maintain a
desired closed | oop transfer'“TDﬁat“o hi ven |by [ec *| dpj dl + Q).
As described so far, the correctign ter usqd |t p Fofpute] hew reference
val ues involve only the PES vefqr*l_egordb dphring Tt elp eceding wite
revolution. It shall be undéé?tooc, ! ] I
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37 however, that other information available prior to stepping may al so
be i ncluded, such as accunul ati ons of previous PES waveforns or even the
PES waveform fromthe normalization revolution. Additionally, inproved
performance with regard to net track shape error and randomtrack-to-track
error may be achievabl e through nore conplex algorithnms involving these
additional ternms. What is essential & hat corrections to the reference
val ues are based on data available prior to stepping to the new track

| ocati on. [11. Conclusion - In summary, controlling the growth of
errors is critical in a typical disk file requiring many thousands of
steps to servowite. Thus it is inpc&%zﬂka;o recogni,ze that error growth
is attributable to the special proper /e f PGFGE%E%épS as applied to a
repetitive self-propagation process, ‘efe—tirat~'such error growmh may be
remedi ed. Renedies include, for exanple, [providing a desired closed | oop
response, e.g. by adjusting the servo cohtrol gains, or by providing

desired lifi [ i . Lgitally[fil [ he PES
Fecorded during 2 wi1q revoldRTE REVOBUHOMS ues w en gosiie' that
the ste . _
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anplification factor does not exceed unity at any rel evant
effectiveness of these renedies is further
i mprovenent of periodically measuring an

anplification factor, such as

indicium or
cl osed | oop response,

frequency. The
enhanced by the proposed

indicia of the step
as the transducer

noves transversely to the 38
direction of the tracks. If Sis deterfM&ed to fall outside of an
acceptabl e range, e.g. S<1, then the indiciumor indicia of S C or f
val ues, are cogjected to maintain S within an acceptable ran
I mprovenent eves substantial rejection of mechanical dis for
greater tra nsities. A nunber of specific enbodinen een
descri bed assing the .present invention. Nevertheless,
under st ood various nodifications may becone apparent to V|ng
ordinary skillhyggn ¢ghe art of self servo propagation ?*ng from
t he spiri%g h copg/of the present ingéntion. Ag;brdn$ yb\ t isto
be under s¥® t hat'x he M
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invention is not to be limted by the specific illustrated enbodi nents,

but only by the scope of the appended cl ai ns.

39 Clains Wat is clained is: 1. In a
systemfor witing a plurality of tracks of position information to a
storage nediumin a storage device, the position information being used by
a servo systemto position a transdué@ﬁf3 relative to the nedium the servo
system having a step-to-step error anpllflcatlon factor S which may vary

wi th transducer novenent trg UE% glirection of the tracks, a
met hod for reducing propagJ ) ape errors fromone witten
track to the next, conpr|5|ng'ﬂ%%ég2 for a plurality of
t ransducer p05|t|ons in a dijrec tr nsverse to the track direction,
det'ermining S; and _
N //30
\SHRTY
_ 132
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If Sis not wwthin a predefined range of values, adjusting S such that its

value falls within.the predefined range of val ues. 2. The net hod of
claiml1l, wherein Sis determ ned by neasuring an indiciumof S. 3. The
met hod of claim2, wherein S is adjusted by adjusting " the indiciumof S to
produce an S within the predefined range of val ues. 4. The net hod of
claim1l1, wherein the servo system ha&/&closed |oop response, C, and
wherein S is determ ned by measuring C. - 5. The nethod of

claim4, wherein S is adjusted by adjustin¢q9 to produce an S within the
predefined range of val ues. o
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6. The nmethod of claimb5, mhérein Cis adjusted by changing a servo

par anet er. 7. The nmethod of claim®6, wherein the servo paraneter
conprises a servo controller gain. 8. The nethod of claim®6, wherein
the servo paranmeter conprises a PID paraneter. 9. The nethod of claim
1, wherein the servo systemhas a closed |oop response, C, and a
correction factor f, and wherein S is 7déendent on C and f. 10. The
met hod of claim9, wherein Sis determned by first determning C and then
determining S fromC and f. 11. The method of claim9, wherein Sis
adjusted by calculating a new f, such that f and C produce an S within the
predefined range of val ues. 12. The nmethod of claim9, wherein f
conprises a set of val ues.
|
A |
I |8 -G08
502 USER | /’,,//
LATA C
52 REGION - |
ol .
}5/6 £
. _—— —
F
504 LATA | |
fesion R
|11} 27 /
: g I L
; 3%
| | l | | — 1ol READ ELEMENT
USer || ACENTE/?EDO/V
| REGION | —
111 g
510 |

FIG. 5



41 13. The nethod of claim 12, wherein S is determined by first _
determning C and then determning S fromC and at |east one of the set of.

val ues f. 14. The method of claim 12, wherein S is adjusted by
calculating a new set of f values, such that C and each f produce an S
within the predefined range of val ues. 15. The nmethod of claim1,
wherein the predefined range of valugggare each |ess than unity. 16.

The nethod of claim 1, wherein the storage device conprises a disk drive.
17. The nethod of claimgpsnwherein S is determned every Nth track during
servowiting, where Nis fixed nunber. 18. The net hod@#-cl ai m 1,
wherein S is determ ned e\giry Nt h : B S
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FFTOWH |

tr_zici(, Et Ed' "adapt i vel y based upon at (vlogéxstwnby
previ oudl 19. The nmethod of claim 18, further
conpri sijng e Steps ol | 'S¢ a default val um

n "F’r .

and secdn #ld $econd transducer

adj ust i rig &K _ o.p ed’i@ﬁi ¢ between the fi erﬂH ',mgHmﬂ"i

determ ned val ues of S. 12042 The net hod of * clal

i s decr SDKI‘EfOFFREﬂEIH'E?%- d elow a threshold value. 21. The

met hod o rein N is incresed if the difference rises above a

«threshol d 981 udhe thdl' € claimnt?y wherginaNnisidpcreasedr ifithe difference\falis delodha i s
determ nedg?l‘a% a?‘g $/| ng a sinusoidally nodul ated reference value-to the

servo syst thold, valug.e 4 frequency while neasuri ng the servo system .

response a sane, f The net hod of., ¢l ai further

conpri si ngbllhe%gféBetB?& Pgtﬁ?"f‘dl?'r 3’%57%‘? ﬁf ﬁb“&fesﬁ‘?dfg}ﬁ F{Eefﬁncf)tﬂsﬁ |a§?|V°sP‘gnal

r eadi ngs og#r_l ng&jﬁgm | e applying the nodul ated reference value to the :

servo syst 8110 &ni ne a magni tude and a phase of the response.

23. The method of claim 10, wherein C is a vector and is determined by applying a .

sinusoidally modulated reference value to the servo system at a fixed frequency while .
~ measuring the servo system response at the same frequency.

23. The method of claim 22, further comprising the step of Fourier transforming a

plurality of position signal readings obtained while applying the modulated reference

value to the servo system, to detemine a magnitude and a phase of the response.

24. The method of claim 21, wherein the storage device comprises a disk drive and

wherein N is less than the number of tracks written in one revolution of the storage

medium.

25. Apparatus for servowriting, comprising:

a storage medium for storing a plurality of tracks of information including position
infonnatipn, the position informatio_n;

a transducer capable of writing information, including the position information, to
the storage m:_edium; '

a servo system responsive to position information on the storage medium for
positioning the transudcér relative to the tracks, the servo system having a step-to-step
error amplification factor § which may.vary with transducer movement transverse to the
direction of the tracks; - |

" 2 measuring circuit including a péocessor‘to determine S, for a plurality of
transducer positions in a direction transverse to the track direction, to determine if S is
out of a predefined range of values; and .

an adjusting circuit coupled to the measuring circuit to adjust S such that an S ‘

o e—————— T

. _ - . uch
having a value within the predefined range of values is produced, | REPLACEMSNT s
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24. The method ¢f cl aiGen 24T MiFETefn the storage devi d| sk
drive and whergin N rs"I"€S3 n the nunber of tracks wrj
revol uti on of tHe |stopa i 25. Appar at u nnu “@!‘ t“‘g
conpri sing: J afétgggﬁyrjre i1 ym f orgzst oring i\m l acks of
I nf or mati on i ncljuding—posit+ | @f ormati on, the p05|t|on I nf or mati on;

a transducer cagabl e of W i t| ng i format i on, including the position

i nf or mat id6n, The hpee FETTESTunther comprising = poportiopal, amegras pderbiatiee t 0
position i nf or mat i on on the storage nediumfor positioning the transudcer
rel ati ve @) peservolcontrolier, aqevspnalenmawiasasndwydata seqyisition plugrin beardor

anplifi c&,} on factor S Wmcf g %ey W th transducer, novenent transverse
to the r ectifoAPRIFatus Of (laimy 40, wherein the plugda hoagl MHONPN@#%@MQE a
processor_t et er.m ne or, a rality of transducer positions in a
directiorF°P&ﬂ mmﬂ%\ |rection to determine if Sis out of
a predefi d n adj ustln IrCUIk coupl ed to

t he neas gfb% ?3?#% f;gﬁ%ag ‘Yﬂfﬁe‘{lhﬁf tﬁg\/%ﬁ'@b"ﬁ GAPRRSSR; 4

the pred The ar.at us of
cl'ai m zﬁﬁﬁ%@&@@%.%%‘g@p 85f R o Frﬁ%"&r%ﬁ‘,ﬁ by 454 plpeeip a#s

type serV@umoikle and a data acqui S|t|on pl ug- in
board. 27 The'a par a?%s gtf'i%?ﬂéds aga#%

ap arm erein the plug-in board further

conpri Se%gt.' ATt ® of Cidif'd5 | Whefdih AeCstBAFe dnddiim comprises a recording
disk,

30. The apparatus of claim 25, wherein the apparatus is substantially contained within
* a sealed storage device.
31. The apparatus of claim 30, wherein the storage device comprises a disk drive.
32. The epparam of claim 25, wherein the measuring circuit determines S by |
measuring an indicium of S,
33, The apparatus of claim 32, the adjusting circuit adjusts S by adjusting the indicium
of S to produce an S within the predeﬁned range of values.
34. The apparatus of claxm 25, wherein the servo system has a closed loop response,
C, and wherein the measuring circuit determines S by measurmg-C.
35. The apparatus of claim 34, wherein the adjusting circuit adjusts S by adjustmg Cto
produce an S within the predeﬁned range of values. .
.36. The apparatus of claim 35, wherein the adjusting circuit adjusts C by changing a
Servo parameter. . | _
37. The apparatus of claim 36, further cdmprisipg a servo controller coupled to the
servo system, and wherein the servo _parameter comprises a servo controller gain.
38. .The apparatus of claim 37, wherein the ser(ro controller comprises a PID, and
wherein the servo parameter comprises a PID parameter. .
39. The apparatus of claim 25, wherein the servo system has a closed loop response,

C,and a track to track correction factor f and whereln Sis dependent on Cand f.



28. The apparatus of claim 25, wherein the ser vo—systemfurther—eonpri ses

an anplitude denodul ator, a VCM current driver, i1l ator,
and wherein the servo systemis coupled to a seaa l’iﬂ UE ili . 29.
The apparatus of claim25, wherein t hé*st or age nedi cC U] ecordi ng

di sk. 30. The apparatus of claim 25, wherein the apparatus is substantially

cont ai negh W 4y : a e ; p. ok ¢J aim 30,
wherein the ’g{féo?%%ﬁa‘ggs’!fgﬂaﬁ%r ?glg%% |gf§%‘rn|n-§r2£ rﬁ@tZ&J‘%#gﬁeasp%aWa?lﬁ of

cl ai m 25meydicheiQ felink i ' ermnes.-S by neasuring an -

I ndi ci um of S@SS?ﬁ@rﬁlgﬁggpar a?ﬂgssof?&glctaainrqﬁqu, the adjusting circuit adjusts
S by adj4t i The afjaritosibf claih 3o, &&&iwmﬁﬁgcﬁcﬂ& hdljuses 96y BileERfiAg 8
range of val ues.- 34. The apparatus of claim25, wheréin the servo system
has a clmesef, suohhat€and Cproducs am8 avithive theipedefined PagE bf Walues.r Cui t
determnes S by neasuring C. 35. The apparatus of claim 34, wherein the
adj ust i d@.ci Theapparatusief clait BY, whérein: fi compeisesa get oflwalaesan S within the
predefined range of values. 36. The apparatus of claim 35, wherein the

adj ust i r@-ci%appamsxfsclzinbymcwetngeimgﬁamwing cincuitdetemine3 7S byhfirst
apparatus of claim 36, further conprising a servo controller coupled to.the
servo syBeasuying Ceanchben determiniegB from &r teastoneofitheset of yalneof.cont rol [ er

gain. 38 The apparatus of claim37, wherein the servo controller

conpr i seté.a Fheapparaus pbelaim 42y, wherein, the adjusting sircuib aginsts Ssbycabeulating anet er .
39. The appar.at f claiim 25 erein the servo system has_a cl osed _| oop
res ponse‘,‘e%&‘e‘a‘?#s ‘é??‘%qsaé‘k‘:htn%mt czﬂ% cagh ?@E‘H"Sﬁ@ Acvighinsthe prrdefiped wnge of| s
dependenvtal&r; C and f.

45. The apparatus of claim 25, wherein the predefined range of values are each less

than unity.

46. The apparatus of claim 25, wherein the storage device comprises a disk drive.

47. The apparatus of claim 25, wherein the measuring circuit determines S at every
Nith track during servowriting, where N is a fixed number.

48. The apparaﬁls of claim 25, wherein the measuring circuit determines S at every
Nth track, where the vaiue of N is adjusted adaptively based upon at least one previou.;ly
determined value of S. |

49. The apparams of claim 48, wherein the measuring circuit further comprises a
register for storing an initial value of N, a subtractor for calculating a difference between
first and second detenhined values of N, and a processor coupled to the register and
subtractor for adjusting N based upon the diffmnce. |

50. -.The apparatus of claim 49, wherein the processor decreases the value of N if the
difference falls below a threshold value. ‘

51. The apparatus of claim 49, whércin the processor increases the value of N if the
difference rises above a threshold value,

L}

52. The apparatus of claim 34, wherein C is a vector, wherein the measuring circuit

further comprises a signal generator and a processor coupled to the servo

s ms——por 180> % &
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40. The apparatus of claim 39, wherein the neasuring circuit determnes S
by first neasuring C and then determning S fromC and f. 41. The
apparatus of claim 39, wherein the adjusting circuit adjusts S by
calculating a new f, such that f and C produce an S within the predefined
range of values. 42. The apparatus of clai mﬁmlmmmnmlMHmprl ses a set
of values. 43. The apparatus of cl aii@t 42, wh ng circuit
detemines S by first neasuring C an hen det &r ng nitng s from C.and at

| east one of the set of values f. 44. The appar atus of claim42, wherein

th dj t t L h
t h:t aCJ ‘gﬁé eac pr o‘é%gl HZ ﬁg%ﬁcﬁnﬁﬁg&pr ned%‘%ﬁfggﬂ%f&uﬁﬁ#&g: ch
The appREabate @ﬁu@i@m@ sepvo WHI At af ﬁﬁbdpfrgﬁ %uéanagr&&s\salma%uﬁge each

| ess than unity. . The appar at us of m 25, wherein the storage

. devi ce mww&eﬁz@kﬁdﬁsdﬁtmﬁsaﬂi freqiencgppar at us of claim 25, wherein the
measuring circuit determnes S at every Nh track during servowiting,

where Ni3,s Thd iappdtattn ndfeclaim 452, WherebppRr processof mdasirey 2he setver systerh he
measuring circuit determnes S at every Nh track, where the vaI ue of Nis
adj ust entspaiBet by elepeivinged phwalityt of qmsinonnagmlemdmgh yobtaised:r whide the al tie of
S. 49. The apparatus of claim48, wherein the nmeasuring circuit further
conpr i smedulated crgfesenee vatue ist appling ‘tauthe servo aystem) end détetmines subagnimxder f or
calculating a difference between first and second determ ned val ues of N,
and a panscplaseof theurpsponse fromna Fowrigravansformof thaasadiags.or for adj usting N
based upon the difference. 50. The apparatus of claim49, wherein the
processor decreases the value of Nif the difference falls below a

t hreshol d val ue.
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51. The apparatus of claim49, wherein the processor increases the value of
Nif the difference rises above a threshold value. 52. The apparatus of
claim 34, wherein Cis a vector, wherein the rfreasuring circuit further
conprises a signal generator and a processor coupled to the servo system
and

46

SELF-SERVOWRITING SYSTEM
WITH DYNAMIC ERROR PROPAGATION REDUCTION

ABSTRACT '

A self-servowriting system and method for implementation in a storage device such as |

a disk drive (20) are described. Greater resistance to mechanical disturbances and

reduction in error growth are achieved, in part, by adjusting a step amplification factor, S,

at the initiation of servowriting to within desired parameters. However, S is known to vary
:ﬁvith movement of the head in a direction transverse to the directioh of the tracks. This
‘problem is addressed by the present invention, wherein S is determined at a plurality of
transverse transducer positions. Determination of S is scheduled to occur at predefined
intervals. The intervals may be fixed or adjusted adaptively based upon the measured

variation of S with transducer position.

Fig. 1
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