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RADIAL SELE-PROPAGATION PATTERN GENERATION FOR DISK FILE
; "' SERVOWRITING

B ) OF THE INVENTI

eference to Related i

"This subject matter of ﬂxis'application is related to United States Patent Application Serial No.

08/028,044 of T. Chainer et. al. filed on March 8, 1993 entitled "A Method énd System for

Writing a Servo-Pattern of a Storage Medium" commoﬁly assigned herewith, and the subjeét

* matter 6f which is incorporated herein by reference. It is also related to Singapore Patent

Application No. 9501806-5 corresponding to United States Patent Application Serial
No. 08/348,773 filed on December 1, 1994 (Attorney Reference 316885SG) and commonly

assigned herewith. The subject matter of that Singapore patent application is also incorporated

herein by reference. This application is a divisional application of Singapore Patent
Application No. 9501807-3.

The invention relates generally to hard disk drive memory storage devices for computers.
More particularly it relates to disk drive apparatus and to a method for writing servotrack

information therein. More specifically it relates to alleviating the need for a -
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complex mechanical andjor optical positioning system ta establish servopatterns on the

recording surfaces of the recording media.



Genceral Background Art Relating to Scll-servowriting

As described in International Patent Application, WO 94/11864, incrcased levels of

storagc capacity in floppy -and hard disk drives are a direct result of the higher track

densitics possible with voice-coil and other types of servo positioners as well as the

ability to read and write narrower tracks by using, for example, magnetoresistive (MR)
head technology. Previously, low track density disk drives were able to achieve

satisfactory ficad positioning with leadscrew and stepper motor mechanisms. However,
when track densities are so great that the mechanical error of a leadscrew-stepper motor

combination is significant compared 1o track-to-track spacing, an cmbedded servo is

needed so that the position of the head can be determined from the signals it reads.

Conventional hard disk manufacturing techniques including writing servoiracks on ’ichc
media of a head disk assembly (FHHDA) with a specialized scrvowriter instrument. Laser
positioning feedback is used in such instruments to rcad the actual physical position of
a rccording hcad used (o write the servotracks. Unfortunately, it is becoming more and
more dilficult for such servowriters Lo invadc the internal environment of a MDA for
scrvowriting because the HDAs themsclves are exceedingly small and depend on their
covers and castings 1o be in place for proper operation. Some HDAs are the size and
thickness of a plastic credit card. At such levels of microminiaturization, traditional

servowriling methods are inadequatce.

Conventional servo-paticrns typically comprise short bursts of 2’ constant frequency
signal, very preciscly located offsct from a dala track’s center ling, on cither side. The
bursts arc wrilten in a scctor header arca, and can be used to find the center line of a

track. Staying on center is required during both reading and writing. Since there can
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be between seventeen to sixty, or cven more, scctors per track, that same number of
servo data areas must be dispersed around a data track. These servo-data areas allow
a head to follow a track ccnter linc around a disk, even when the track is out of round,
as can accur with spindle wobble, disk slip and/or thermal e)gpansion. As technology
advances providc smaller disk drives, and increased track densities, the pla_tcement of

servo data must also be proportionately more accurate.

-

Servo-data are conventionally written by dedicated, cxternal sérvowriting_equipment,
and typically involve the use of iarge granite blocks (o support the disk drive and quiet
outside vibration effects. An auxiliary ciock head is inserted onto the surface of the
recording disk and is used to write a rcference timing pattern. An external head/arm
pbsitioner with a, very accurate lead screw and a lascr displacement measurement device
for positional feedback is used to preciscly determine transducer location and is the basis
for tr-ack placemént and track-to-track spacing. The servo writer requires a clean room
environment, as the disk and heads will be cxposed Lo thc cnvironment to allow the

access of the external head and actuator.

United SLS'Lcs Patent No. 4,414,589 (o Oliver ct al. teaches scrvowriting wherein
oplimum track spacing is determined by positioning onc of the moving read/writc heads
at a first limil stop in the range of travel of the posilioning mecans. A first reference
track is then written with the moving head. A predetermined reduction number or

pereentage of amplitude reduction X%, is thea chosen that is cmpirically related to the

Mesired average track density. The first reference track is then read with the moving

head. The moving head is then displaced avweay from the first limit stap until the
amplitude of the first reference track is reduced o X% of its original amplitude. A

second reference track is then wrilten with th2 moving head and the moving head is then
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displaced again in the same direction until the amplitudc of the second refercrice track
is reduced to X% of its original value. The process is continued, writing successive
reference tracks and displacing the moving head by an amount sufficient to reduce the
amplitude to X% of its original valuc, until the disc is filled with reference tracks. The
number of reference tracks so written is counted and the process is stopped when a
sccond [imit stop in the range of travel of the positioning méans is encountered.
Knowing the number of tracks written and the length of travel of the moving head, the
averaée track density is checked to insure that it is within a predetermined range of the
desired average track density. If the average track density is high, the disc is erased, the
X% value is lowcred and the process is repeated. If the average track density is low,.the
disc is erased, the X% value is increased and the process is repeated. If the average
track density is within the predetermined range of the desil."ed average track density, the
desired reduclion rate X%, for a given avcrage track density, has been determined and

the servo wriler may then proceed to the servo writing steps.

Unfortunately, Oliver et al. do not discl_o:%b how to gencrate a clock track using the
internal rccérding data hecads, as this is achieved by an extcrnal clock head. Oliver also
do not tcach how to determine the track spacing dur.ing propagation. This results in the
requircment of writing an entire disk surface and counting the number of written tracks
to determine the track spacing. Further, Oliver et él. do not cxamine the variation in
the plurality of heads with the disk drive to set the track pitch accordingly. .Finally,
Oliver ct ai. do not teach how to limit the growth of crrors during the radial

propagation growth.

As also described in Inlernational Patent Application WO94/1 1864, a method for

writing a servo-pattern with a disk drive’s own pair of transducers is described in United
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States Patent 4,912,576, issued March 27, 1990 to Janz. Three types of scrvo-patterns
arc used to generate three-phase signals that provide a difference signal having a slope
that is directly proportional to velocity. Servo-patterns that are substantia!_ly wider
radially than the nominal track-to-track separation are possible. This helps improve
readback amplitudes, and thus servo performance. Janz observes that the signal level
from a transduccr is a measure of its alignment with a particular pattern rccorded on
the disk. If the flux gap swceps only forty perceht of a pattern, then the read voltage
will be forty percent of the voltage maximum obtainable when the transducer is aligned
dead-center with the pattern. Janz uses this phenomenon to straddle. two of three offset
and staggered patterns along a centerline path intended for data tracks. '
Ina prefcrréd process, Janz reserves one side of a disk for servo and the other side for
data. The disk 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 cdge. The transducers are then moved-in radially one half

- of a track, as indicalcd by the first phase scrvotrack amplitude, and a first data-track

is recorded on the data side. The transducers arc again moved-in radially onc hall of a
track, this timc as indicatcd.by the first data-track amplitude, and a sccond phasc
scrvotrack is recorded on the servo side. The transducers are again moved-in radially
onc half of a track, as indicatcd by the sccond phasc scrvatrack amplitude, and a sccond
data-track is recorded on the data side. The transduccrs are moved-in radially another

onc half of a track, as indicated by the second data-track amplitude, and a third phase
servotrack is recorded on the scrva side. The transducers are moved-in radially onc half
of a track, as indicated by the third phasc servatrack amplitude, and a third data-track
is recorded on the data side. This back-and-farth progress is repcated until the entire

two surfaces arc written. If (oo few or oo many tracks were this writlen, the disk is



rcformatted once more, but with a slight adjustment to step inward slightly more or
slightly less than one-hall a track width, as appropriate. Oncc the disk drive has been
formatted with an cntire compliment of properly spaced servotracks, the data-tracks

have scrved their purpose and are erased in preparation for receiving user data.

Unfortunately, the method described by Janz_ consumes onc entire disk surface for
servotracks and requires two heads working in tandem. Track-to-track bit synchronism
is also not controlled, and seek times to find data between tracks would thus be seriously
and adversely impacted. Transducer flying height variations and spin&le runout that
occur within a single revolution of the disk, and media inconsistencies can and do
corrupt radial position determinations -that rely on a simple reading of off-track read
signal amplitudes. Prior art methods are inadequate for very high performance disk

drives.

IBM Technical Disclosure Bulletin, Vol. 33, No. 5 (October 1990) entitled “Regencrative
Clock Technique For Servo Track Writers” suggests servo writing of a hcad/disk
assembly after the covers are in place by mcans of the product head and without the usc
of an extcrﬁ‘z'll position encoder disk. A single clock track is writlen at the outer diameler
and divided into altcrnatc A and B phascs. The head is than stepped inwards hall a
track al a timc using cach phasc alternately as a source of clock information from which
scrvo information in the scrvo scctors preceding cach data ficld and further clock signals
in the alternate phasc can be writlen. The half track steps ensure that the previously
wrilten clock information can be read. The lechnique dispenses with a dcdicatcd SCrvo

writer clock head and associated mechanisms.



International Patent Applicati(;n No. WO94/11864 tcaches a hard disk drive comprising
a rotating disk with a recording surface, a transduccr in communication with the surface
and servo-actuator means for radially sweeping the transducer over the suEface, a

variable gain read amplifier connected to the transducer, an analog to digital cénvertcr.

(ADC) attached to the variable gain amplifier, an crase frequency oscillator coupled to

. the transducer for DC crasing of the disk surface, a memory for storing digital outputs

appearing at the ADC, and a controller for signaling the servo-actuator to move to such
radial'position's that result in transducer rcad amplitudes that arc a percentagE of
previous read amplitudes represent in the digital memory. Bit-synchronism between
tracks is maintained by writing an initial clock track with closure and then writing a
next clock track including a regular sequence of clock bursts a half-track space offset
such that the initial clock irack can be read in between writing clock bursts and the read
signal is uscd to frequency-lock an oscillator \vﬁich is used :as a refercnce for the writing
of clock bursts of the next track. A checkerboard pattern of clock bursts is thus created.
A!l'subscqucnt tracks are built incremcentally by stepping off a half of a track from the
last track written, which compriscs clock bursts, and writing a ncxt new sequence of

clock bursts that interlace with the previous track’s clock bursts.

Background Art Specilic to Radial Self~propagation

The process of disk file scrvfowriiing using only the internal recording transducer and.
praduct actualor, referred (o as self-servowriting, involves a combination of three la rgély
distinet sub-processes, writing and recading magnetic trausitions (o provide piccise
liming, positioning the recording transducer at a scquence of radial locations using (he

variation in readback signal ampiitude as a sensitive position transducer, and wriling the
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actual product servopattern at the times and radial locations dcfined by the other two
processes. The prescat invention addresscs significant shortcomings of the radial
positioning process, referred to here as self-propagation, as previously desc_ribed in the
prior art, specifically U.S patent No. 4,414,589 by Oliver, et al., International Patent
Application WO 94/11864 by Cribbs ¢t al., as wcll as the above mentioned related U.S.
Patent Application Serial _No.08/028;044 by Chainer ct al.. The concepl of
self—propagaiion as applied to disk file scrvowriting, while promising very substantial
benefits with regard to sei-vowriting cost (as pointed out in the 1983 U.S patént N'o.'-

4,414,589 by Oliver, ct al. for examplc), has not yet been commercially realized.

Bricfly, the shortcomings in previously described techniques are associated with lesser
accuracy in the placement of the servopatterns as.compared with conventional
servowriting. The rcquiremchts for cver closer track spacing in disk files makes highly
accurate servopattern wfiling a nccedsity. The coist advantages of self-propagation arc
not sufficient to supplant conventional scrvowriting without addressing and solving the
problem of servopattern inaccuracy. T}V&i factors contribute to reducced scrvopattern
accuracy when using sclf-propagation; error compounding and higher levels of random
mechanical‘ motion. In conventional servowriters the radial positioner is an cxternal
device that affords stable location of the recording transducer by virtuc of its relatively
high mass and stilf attachment (o a large granite block that has minimal vibration.
Random mechanical motion of the recording transducer is thercfore kept very small,
and the tra;ck shapes defined by the servopatterns arc almost perfectly circular. Ecrors
that do occur arc totally uncorrelated from track o track, so compounding is ncver a
é(.w.nsidcratiun. Avcrage track Lo track spacing is accuralely maintained through the use
ol a lascr displacement measurement device. In sclf-propagation, the radial position

signal that is uscd to servo-control the actuator is derived from measurcments of the
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rcadback amplitude of patterns that were written during a previous step. Af error in
one stcp of the process can affect the position of the recording transducer on the next
stcp so it is essential that the compounding cffects of a very large number of steps be

considered.

A simple solution is to use only weak servo control so that radial placement errors arc
averaged out rather than dynamically tracked. This is the approach desériqu in
Chainer et al.. This is also implicit in the patent of Oliver .et al., where the propagation
‘pattern is physicall-y overwritten at each stép. This mecans that the readback amplitude
cannot be determ'ined at the time of writing, hence' the servo controller must be
essentially frec running with no ability to dynamically adjust to the pattern. However,
random mcchanical motion may be kept small only by using a very tight servo control.
Thus, eliminétion of error compéunding comes at the expense of higher random
mechanical thotion, thus making this solution unattractive. Also, the use of a low

bandwidth servo requires long times for stepping and scttling to the proper location,

lcading to increascd servowrile (imes and higher cost.

In Cribbs ct al. there arc suggestions that the servo control docs dynamically track the
writlen pattern cdges, but there is no discussion of how this affcects crror compounding.
In facl, they describe a refinement o reduce “hunting” and “dithering” of the actuator
that most likely arises from just such a compounding clfect. In further discussion below
it will become apparent that this refinement merely hides the presence of cxcessive error

compounding during the servowrite process, rather than actually climinating it.

Scrvopallern errors of different types have varying degrees of importance with regard

to ultimate disk file performance. The absolute radial position of cach track on the disk
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necds to be controlled only moderately well since regular updates of track count are
available, even during high specd seeking between tracks that are far apart. Similarly
the average track spacing in absolute units is not especially tightly constrained.. There
is a maximum absolute spacing such that the desired number of data tracks be
contained between the inner aﬁd outer mechanical stops of the actuator, but as long as
the recording tfansducers of the disk file are narrow cnough the spacing could be less
than this maximum with no ill effects. Thus, it is not the absolute spacing that is

- critical, but rather the relative spacing as compared to the recording transducer. The
techniques described in Chainer et al. for determining the widest head within a disk file
and using measurements from that ﬁead to set the track spacing for all heads are h
generally effective for ensuring that the average track spacing meets the necessary
criteria. However an unforescen problem with regard to the determination of the ideal
amplitude reduction factor o usc for a scrvo control reference during selfl prépagation
has arisen with the intioduction of recording transduccrs in which the tead and write
clements do not coincide. A need exists for a method to compensate for misalignment
of these two elements such as arises from variations in normal manufacturing, as well
as changes in their rclative alignment with respect to disk tracks when a rotary form of

actuatlor is.used to position the recording transducer.

While it is desirable that the track shapes be rcasonably close Lo circular in shape, the
disk file servoactuator will repeatably follow moderale amounts of deviation so that data

tracks will be rcad back on the samec trajec:ory as they were written. Thus, as tong as
_a_djaccnt tracks arc distorted similarly, absalute circujarity nced only be maintained
-\.vil.hin fairly coarse bounds, determined by a desire Lo fimit the repealable motion of the
acluator to roughly onc head width or so. 25 apposcd to readback mis-registration

concerns which require a limit of a small fraction of tic head width.
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The most important consideration for servopattern accuracy is local track to track
spacing, referred to as track squeeze, since a prime requirement in disk files is that
adjacent tracks be everywhere separated by some minimum spacing. This ensures that
adjacent track information will not be dectected on readback (this causes data read
errors) anﬂ, cven more importantly, that adjacent track data will ncver be overlapped
excessively during writing since this could result in permanent loss of uscr data. Track
squeeze is determined by the radial separation betwecn adjacent track locations as
defined by the product servopattern written on each track and at each angular location
around the disk. In other words, the detailed shape of cach track rclative to its neighbors
must be considercd, not just the track to track distance averaged around the whole disk.
This'is because the servo-control of the actuator during actual file operation is capable
of fo‘llowing distortions from perfect circularity and will produce misshapen data tracks.
Thc!dala tracks do not exactly match thc servopattern track shapes because the servo
looﬁ follows accurately only up to a limited frequency, but it is a reasonably good
approximation 1o simplsf take them as being identical. The gencral arguments that
follow are unaffected by this level of detail, but onc would wish to include this cffect

when deterinining a precise praduct specification for track squecze.

In selting the minimum allowablc spacing, one must Ltake into accaunt the cxistence of
random fluctuations about the desired track location (as defined by the scrvapaticrn)
that result from mcchanical disturbances during actual file operation. One of the largest
sources of distui'bancc_ is the turbulent wind blowing against the actuatm'. from the
spinning disks. The total amount of Muctuation, referred Lo as TMR (for trac.k
mis-registration), defines a relevant scale (or judging the required accuracy of

servopatiern placement. If servopattern crrors arc roughly cqua! to or greater than the

v
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TMR then a substantial fraction of the track spacing margin will be Tequired ‘as
compensation, lcading toa rcductibn in total disk file data capacity. Once the
scrvopattern placement errors are less than about half the TMR, however, further
reduction does not provide much improvement in total data capacity. The random
mcchanical motion that results,when a very low 'ban_dwidth servo is used, is observed to
be roughly 5 times greater than the TMR experienced during file op_cration. Clearly, the
use of such a servo loop during sclf propagation would result in unacceptably large

€rrots.

.

Sclf-propagation patterns consist of bursts of transitions located at intervals around the
disk surface. The edges of the bursts comprise a set of points that define a track shape
that the servo controller will attempt lo follow on the next step of the process. Thus,
ervors in the transducer position during the writing of the bursts appear as distortions
away from a desired circular track shape when the actuator is subsequently moved
outward to scrva off the cdges of the bursts. Sensing this non-circular trajectory d uring
| the next burst writing step, the scrvo co'nﬁollcr moves the actuator in an atlempt to
lollow it. This causcs the new bursts to be written at locations that reflect (via the
closcd-loop tesponsc of the servo lbop) the crrors that were present on the preceding slep
logether with additional crrors arising during the present siep.  Each additional step in
the process therefore carrics forth a “memory” of all preceding track shape crrors. This
“memoary” depends on the detailed closcd-loop responsc of Lhe the servo loop. Elflccts
that result in track shape crrors include random mechanical motion as well as
m_mlulatinn in the width of the written track that may come from variations in the
P.I-'U]\CI'liCS of the recording medium or in the fiying height of the transducer. These
modulation cffects are typically small compared Lo the total data track width but arc

often very repeatable from track to track and can grow to very substantial levels if
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compounded repeatedly. Uncontrolled growth of such crrors can lead to excessive
amounts of absolute track non-circularity. In some cascs error compounding can lead
to exponential growth of errors. All error margins will then be exceeded, and the

self-propagation process itself will likely fail.

In Cribbs et al. written track width modulation arising from flying height variations is
described as a source of track shape error that impacts the self-propagation process. A
procedure is outlined in which three extra revolutions of the disk are used to smooth the
serva error control signals so as to reduce “hunting” and “dithering” of the servo actuator
before each step of writing propagatidn bursts. It is unlikely that track width
modulation Iafge enough to detect as excessive “hunting” could occur within any one
step of burst writing, especially since width modulation is a secondary effect as
compared to on-track readback modulation, and a preliminary step in their process is
to reject all disk files having' cxcessive on-track modulation. It is more likely that, in '
accordance with our expericnces and dctailed analysis, intrinsic width modulation
typically appears at the level of anly a l'pt.\; percent of the track width, but grows through
crror compaunding to much larger levels. Tt is also clear thal a signal that is disceraible
in the position crror signal of a high ga.in scrvo loop is indicative of an underlying Lrack
shape crror that is far greater than the crror signal itsell. This follows from Lhe fact that
the position ereor signal is merely the residual part of the underlying track shape crror
that the servo loop was unable to follow. The procedurce of adjusting the targel

amplitudes while track {ollowing so as to smooth the position crror signal is onc in
\-\fhich the underlying track shapc crror is merely hidden, not climinated. Below, we ;
show that the delailed responsc al the servo loap is critical to understanding the problem
of crror compounding. Adjustments of the targel amplitudes as described by Cribbs ct

al. may work Lo limit error growth with somce Lypes of servo loops, bul since no
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specification of scrvo responsc is given, the issuc is left to chance. Even if the smoothing
were to work, the solution is unattractive in that three extra revolutions of the disk arc
required at each stcp in the process. This doubles the servowrite time, and raises the

cost.

As mentioned above, self-propagation suffers from higher levels of random mechanical
motion than conventional servowriters having massive external positioning devices.
Random mecchanical motion can be lowered through the use of a high gain Servo loop,
but this lcads to error compounding. A method for reducing servowriting errors arising
from random mecchanical motion to levels below that of the opcrating file TMR is hiéhly
desireable. As described above, scrvopattern errors larger than this increase the
required space between data tracks, hence they result in lower disk file capacity. None
of the prior art teachcs about the problem of random mechanical motion resulting in
reducced disk file capacity, or the relationship between random mechanical motion and

error compounding, or even about error compounding by itself.
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SUMMARY OF THE INVENTION

According to one aspect of the invention there is disclosed a method for determining
the desired track pitch of tracks to be written on a storage medium of a storage device
having a transducer, said method comprising:

choosing an initial nominal average reference value;

Writing a transition on each of a plurality of said tracks, said plurality of tracks being
less than a total number of said tracks, wherein spacing of said plurality of tracks is
determined by said initial nominal average reference value;

measuring a first relative amplitude of the transition written on one track of said
plurality tracks and a second relative amplitude of the transition written on another track of
said plurality of tracks; |

comparing said first relative amplitude and said second relative amplitude;

positioning said transducer based on said comparing;

repeating said measuring, comparing and positioning until said comparing indicates
said first relative amplitude is substantially equal to said second relative amplitude, wherein
a measured relative amplitude is obtained;

comparing said measured relative amplitude to a predetermined value to obtain a
deviation from said predetermined value; and

determining a second nominal average reference value using said deviation, said
second nominal average reference value being used to write subsequent tfacks at said

desired track pitch.
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According to yet another aspect of the invention there is disclosed an apparatus for
determining the desired track pitch of tracks to be written on a storage medium of a storage
device having a transducer, said apparatus comprising:

means for choosing an initial nominal average reference value;

a pattern generator adapted to write a transition on each of a plurality of said tacks,
said plurality of tracks being less than a total number of said tracks, wherein spacing of said
plurality of tracks is determined by said initial nominal average reference value;

means for measuring a first relative amplitude of the transition written on one track of
said plurality tracks and a second relative amplitude of the transition written on another
track of said plurality of tracks;

means for comparing said first relative amplitude and said second relative amplitude;

means for positioning said transducer based on said comparing;

means for repeating said measuring, comparing and positioning until said comparing
indicates said first relative amplitude is substantially equal to said second relative
amplitude, wherein a measured relative amplitude is obtained;

means for comparing said measured relative amplitude to a predetermined value to
obtain a deviaﬁbn from said predetermined value; and

means for determining a second nominal average reference value using said deviation,
said secondl nominal average reference value being used to write subsequent tracks at said

desired track pitch.

Sheet Has Been Replaced
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Dcscription of the Drawings

Figure 1 is a block diagram showing thc major elcments of an embodiment of the

present invention.

Figure 2 is a diagram illustrating the rclationship between the propagation tracks, disk

sectors and propagatlion bursts.

Figure 3 is a flow diagram illustrating the basic process steps for onc embodiment of the

present invention.

Figure 3A is a flow diagram of a proccss for computing propagation parameters.

Figurc 4A shows the relationship of properly placed and mis-positioned propagation

. bursts with respect lo a desired irack.

Figurc 4B is an illustration of a scrvo loop showing how Lhe signals from bursts as

shown in figurc 4A arc combined to form a position crror signal.

Figure 5 is a Mow diagram illustrating the basic process steps for an alternative
cmbodiment of the present invention with many of the process steps being the same as

in figurc 3.

Figure 6A is a plot of the magnitude of the closed loop servo response for a PID scrvo
control loop having parameter values that result in Lhe closcd loop respanse being lcss

than onc at multiples of the disk rotalion frequency of 90 Hz.

]
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Figurc 6B is a plot of the magnitudc of the closed loop scrvo response for a PID servo
control loop having paramcter values that result in the closed loop rcsponse being

greater than onc at twice and three times the disk rotation {requency of 90 Hz.

Figure 7A is a plot of the 180 Hz Fourier component of the track non-circularity as
mcasured for a self-propagation cxperiment using servo parameters as shown.in figure
6A together with a diagram illustrating the actual track shapes in which the outermost

track corresponds to propagation step 60.

Figure 7B is.a plot of the 180 Hz Fourier component of the track non-circularity as
measured for a sclf-propagation experiment using servo parameters as shown in figure :
7B together with a diagram illustrating the actual track shapes in which the outcrmost

track corresponds Lo propagation step 60.

Figure 8A is an cnlarged, schematic diagram of a recording transducer in which the read

and writc clements arc at scparatle positions.

Figurc B is an idealized plot of the normalized rcadback amplitude versus off-track

position that would be obtaincd for a recording transducer such as that shown in figure
8A.

Figurc 9 is a diagram showing the locations of the various propagation bursts in relation
to user data tracks and showing a read clement positioned such that it yicids cqual

readback amplitudes for an A and a D propagation burst.
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Figurc 10A is a plot of the nominal average relcrence valuc versus propagation step
number obtaincd for a scl{-propagation cxperiment using a recording transducer having
separate rcad and writc elements as shown in figurc 8A in which adjustments to the
nominal average refercnce value werc made by periodically backing up ana measdring

the average rclative burst amplitude at the A=D servo position.

Figure 10B is a plot of the average relative burst amplitudes obtained during the same
experiment as shown in figure 10A illustrating the accuracy with which the track
spacing is held constant.

Figurc 11A is a diagram illustrating the relative locations of A and B bursts in a
two-hurst amplitude servopattern together with the sector 1D ficld and showing the read
clement centered on the data track location. '
Figures 11B to [1F illustrate the various signal wavcforms associated with the gated

integralor type of product servapaltern demodulator.

Figure 12 is a block diagram showing the circuit clements associated with the gated

integralor ()'pc of pattern demodulator.

Figurc {3A illustrates the same features as figure TIA for a two-burst amplitude
scrvopattern but with Lthe A burst displaced radially as occurs [or writlen-in TMR

Crrors.

Figures 1313 Lo 13F illustrale the same signal wavclorms as in figures 11B (o [ [TF but lor

the erroncous scrvopatlern burst location of figure 13A.
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Dectailed Description of the Preferred Emi)odiments

Figure | shows the major components of a preferred embodiment of the present
invention. A disk drive 20 with its recording transducer 22, voice coil actuator 24,
reccording medium 26, servopattern demodulator 27, and read/write contro!' electronics
28, is connected to a time delay unit 31 in series with a pattern generator 30, which is
clocked by a timing controller 32 that allows bursts of magnetic transitions to be
recorded at precisely controlled times. For the puzposes of radial self-propagation burst
writ'm.g and detcction, the timing controller can be a unit such as the Am9513A system
timing controller manufacturéd by Advanced Micro Devices Cbrporation of Sunnyvale
California that is simbly synchronized to a 'once per revolution index timing mark, but
it is understood that the writing of actual product scrvopatterns requires much tighter
timing control, particularly when writin!g tl;c servo identification fields and whenever .
writing phase cncoded scrvo patterns. Mcthods for achicving such precise timing control
using the internal disk file recording u'a=11scll.|ccr, in 2 manncer consistent with
sclf-propagation arc described in the related U.S. Patent Application Scrial

No.08/028.044.

A rcadback signal from a file rcad/wrilc clectronics circuit 28 is connccted ta an
amplitude demodulator circuit 34 the output of which is converted to digital form by an
analog to digital converter (ADC) 36 al limes determined by timing controller 32 acting
in concert with a micraprocessor sequence controller 33. Scquence cont;'ollcr 33 also
accesses a memory 38 for storage and retrieval of digitized recadback amplitudes used
by a divider 40. Scquence controlier 33 with memory 38 also provide for the'storage and

retricval of reference table values used by a subtracter 42 in creating Whc position crror

L]



22

signal (PES) that servcs as the input to a digital servo controlicr 44. Sequence cantroller
33 also provides computation capabilitics for general usc in determining modifications
to the stored refercnce table values and for determining appropriate delay §_ettings to be
applied to timing delay unit 31, and producing control signals for pattern generator 30.
The output of digital gervo controller 44 is converted to analog form by a digital to
analog converter (DAC) 46, and i5 further _ampﬁﬁed 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 recording transducer 22 to move approximately radially with respect to
recording medium 26. In onc embodiment, the functions of divider 40, subtraéter 42,
and digital servo controﬂcr 44 are all achieved thrdugh thc appropriate programming

of microprocessor sequence controller 33.

Figure 2 shows a diagram of a portion of recording medium 26 illustrating the division

into a number of propagation tracks 111, [12, 113, etc. as well as a division of each

" track into a number of sectors, with a first sector 10! typically coming immediately after

the disk rotation index as determined eit.h'cr by an indcx pulse from the disk spindlc
motor driver or (ram the timing controller. Each scctor is further divided inta a region
103 containing the amplitude bursts for'propagaliun and a region 104, which is reserved
for the usc of the precision timing propagation system and flor writing the actual product
scrvopatlern including sector 1D ficlds and cither amplitude burst or phase cncaded
patierns. In onc embodiment of this system propagation burst arcas 103 will be
ovcrwriucn' with user data lollowing servowriling. All of region 104 except for the part
containing the product servopattern will also be overwritten witl user data. Each
('w'.rnpzlgaliun bursl region is further divided inlo a number of stots 105 - 110 within which
the amplitude burst patierns (A,B,C,D,E, and F) lor propagation are written. In this

figurc, the propagation track pitch is shown as anc quarter of the assigned data track
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width. For examplc, if the first user data traek is choscﬁ to-bc centered on propagation
track 112, the next data track would be centercd on propagation track 116, and so on
across the disk. Other ratios of propagation to data track pitch can be used, but the 4:1
ratio shown allows fine adjustment of the timing of grey code bits and phase encoded
product servopatterns. Typically; tt!c data track pitch is chosen to be slightly farger
than the transducer writc width so the cdges of adjacent data tracks do not overlap.
TIﬁs can be seen in Figure 2 by noting the relative radial locations of B and F bursts
since these correspond to the abové mentioned choices of data tracks centered on

propagation tracks 112 and 116 respectively.

The propagation inu rst pattern shown consists of a repeating sequence of 6 bursts. This
is uéeful lvecagsc the bursts in each slot do not overlap along the radial direction thereby
' allowing the r.ccording transducer to back up and read previously written bursts. Such
i a process cani‘be used to check the spacing of the propagation tracks relative to the
recording transducer width without having to propagate completely across a disk
surface. This is described in more detail laler. The minimum number of slots required

for propagation without such checking is 2.

A typical number of sectors is 120 and a typical disk rotation rate is 5400 rpm, giving
about 92 microscconds per sector. A typical stot time is 7 microseconds. This is fonger
than the typical amplitude burst duration used in a product servopatiern (1
microsccond) but there is no foss of user data space with expanded propagation bursts
since they will be ovcrwrittc'n later. An advantage of longer bursts is that they allow
more filtering time to be used during demodulation resulting in a higher signal to noise
ratio which simplifics some of tise digital scrvo foop computation, particularly with
regard to determining derivative or velocity related servo terms. Shorter burst times

]



5

1,

24

“could be usced il more time is nceded for timing marks and product scrvopattern writing

in rcgions (04,

Referring to the flow diagram of Figure 3, the ilerative sclf-propagation process starts
with step 130 in which the recording transducer is located at cither the outermost
accessible track (OD) or innermost accessible track (1D) of the disk file with the actuator
being pushcd against a physical stop to lock it against mechanical disturbances. In step
132,-first propagation track 111 (Figure 2) is written with A bursts in the ﬁrs‘t slot of
each propagation burst region. Also, the {irst portion of the product servopattern is
written withi.n region 104 of each sector together with the precision timing marks. These
may, for example, occupy only a small portion at the beginning of region 104 on the
same surfacc as the propagation burst patterns and bc written during the same
revolution of the disk. Furthermore, other recording surfaces within a stack of disks
may be writlen with their product scrvopalttern in time succession throughout region 104
by switching the write electronics to sclect each recording transducer in turn (it is usual
for each recording-surface to have its own recording transducer, all of which move
togcther on a singlc actuator). This first revolution in the process is referred to as a write

revolution.

On the next revolution of the disk, relerred Lo as a normalization revolution and shown
as step 134 in Figure 3, scquence coatroller 33 signals ADC 36 to sample and digilize
the demoduiated recadback amplitude during the [irst slol of cach scctor and records

-

these values in an A burst normalization table in memory 38.

After all seclors have been read in the normalization revolution but before the first
propagation burst region 103 of the next revolution the paramcters uscd in the servo

L3
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.

control voltage calculation arc sct cqual to predetermincd values referred to as stefs
parameters that provide rapid motion and settling, that is the gain and bandwidth are
high. This is shown as step 136 in Figurc 3. As an cxamplc, scrvo parameters similar

to those used in Lhe operation of the disk file would work well as step parameters.

On the next revolution of the disk, referred to as a step revolution and shown as step
l'38,.scquence controller 33 steps through the stored normalization table sector by sector,
" rouling cach value to divider 40. A reference track table in the memory has ‘bcen
pre-recorded with initial reference levels corr_espondfng to desired amplitude reduction
factors for each of the sectors. Typically, these initial rcference-levels are all equal. |
Similarly the reference track table values are routed to subtracter 42. ADC 36 continues
digitizing the A bursts of each scctor. As recording transducer 22 reaches the end of
each propagét.ion burst region 103, the output of subtracter 42 contains a number equal
to the refereiice Lrack table entry for that scctor minus the amplitude of the preceding
A burst divided by the stored normalization table value. This is the position error signal
or PES. At this time, sequence controller 33 signals digital servo controller 44 to read
the PES and compule a new control vollage sctting. This control voltage is adjusted by
the servo controlicr after cach scctor to' drive actuator 24 in a dircction that reduces the

PES, i.e. toward propagation track [12.

Once actualor 24 has scttled onto the desired location for propagation track 112
(typically in about | quarter of a disk revolution) the paramelers af the scrvo control
voltage calculation arce chaﬁgcd Lo another sct of special predelermined values referred
to as propagation paramélcrs thal are tailored to provide rejection of mechanical
disturbances withoul amplification ol track shape crrors. The manner in which these
values arc determined js described below. Even though the step Lo the next propagation

L]
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track lakes les§ than a full revolution, it simplifics matters to allow the revolution to
complete befare wriling the next set of bursts. In onc ecmbodiment, this change in servo
paramclcrs is done gradually with the propagation parameters being reached only at the
end of the step revolution. In Figurc 3 this process of setting the servo to have the
propagation paramecters is shown following step revolution 138, and is rcferred to as a

step 140.

At this point only a single propagation track has bcen written so the result of a decision
step 142 in which a count of propagation tracks is compared with a.predetermined
desiréd number that corresponds to the complctior'l of the product servopattern is
necessarily neéative and the process returns o a write revolution 132, In this sccond
write revolution 132, the sequence controller 33 signals paticrn generator 30 to write
bursts of transitions, B in the second slot of each scctor. As bcfore, precisi'on timing
marks and product servopatterns are also writlen in regions {04 on the same recording
surfacc and just product scrvopatterns on the remaining recording surfaces. Throughout
this wrilc l'CV()Il.lli()n, ADC 36 continues digitizing the A bursts and scrvo controller 44
mainiains actuator 24 in a position sucﬁ that transducer 22 stays close to the desired
location of track 112. Each individual PES rcading is used Lo adjust timing delay unit
31 in a manncr that modulates the product servopatlern as it is being written during the
adjacenl region 104 of the disk. Details of this modulation arc described later.
Additionally, the PES values during the write revolution arc recorded in a table in
memory 38 for use later in calculating new reference track valucs. In one cmbodiment,
digital filtering C..'llCLIla[iOHS arc performed on the PES values as they come in :
scctor-by-sector, resulting in completed computation of fillering cocfficient values by the

cned of the wrile revolution.
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The next revolution is a normalization revolution, step 134, in whiéh ADC 36 digitizes
both the A and B burst amplitudes, storing the B burst amplitudes in a B burst
norma[izatibn table, while the servo loop continues to track follow using PES values
computed from the A burst amplitudes, the A burst nnrhaliiation table values, and the
stored refercace lfack values. A ncw rcference track table is also computed during this
revolution. Each ncw reference tra'ck table valuc is sct cqual to a nominal average
reference level determined previously to be appropriate for the desired average track
spacing in this rcgion of the disk plus a correction value. In one cmbodimént: the -
correction value is equal to a predetermined fraction, f, called the reference correction -
factor, of the previously recorded PES value for the corresponding sector obtained
during the preceding write revolution. Altcrnatively, the correction value is computed -
. using a digital filtering algorithm applied to the entirc set of previously rccofded PES
valucs from the preceding write revolution. Some of this filtering computation may be
accomplished during the write revolution so that the remainder may casily be completed
for cach reference table value ir! the time available belween scetors. Details of the
algorithms are described later. It is convenicent (o replace cach reference track table
value just alter it is used for the compu'Lation of a control voltage. In this way, the servo
reference track Lable during the normalization revolution is utilized with its previous
values but ends up containing its new values in preparation for the upcoming sicp

revolution.

- Switching (o the B bursts for PES computations, the process repeats, and transducer 22
steps to the next propagation track, step 138, followed by a wrile revolution, step 132,
in which C bursts, liming marks and product servapatterns arc wrillen, followed by a

normalization revaolution, step 134, in which the C bursts arc read back and stored in a

A
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normalization table. This continucs (with A bursts lollowing ¥ bursts) until the desired
number of data tracks is reached as determined by a yes answer to decision step 142 and

the process stops in a step 144.

ln this system, disturbanccs that causc thc actuator to deviate from the ideal
propagation track (TMR) result in mis-positioncd write bursts. Subsequent readback
of such bursts at the next propagation track location results in a modulated position
signal. Figure 4A illustrates this process, showing a properly positioned burst and a
mis-positioned burst relative to a desired propagation track. When centered on the
desired propagation track a distance X from the preceding propagation track, the
recarding transduccr reads back a relative amplitudc R for the properly pbsitioncd
burst. S-ince this is the desired location, this relative amplitude cquals the rcference track
value, rcsulting in zcro PES. The mis-positioned burst has its edge shifted from the
desired propag‘ation track location by an amodnt E rclative to the width of the
transducer resulting in a relative readback signal equal to R+ E. Since E is determined
by the location of the burst edge, change.:s-in the width of written bursts is another source

of crror that produces cffccts similar to TMR.

Figurc 4B is a block diagram showing how the clements of the present invention may
be combined ta form the standard components of a servo loop as they are gencrally
known in the arl of servo-engincering, as described for ecxample in the ook "Madern
Cantrol Engincering” by K. Ogata published by Prentiss-Hall corporation of Englewqod
-Cliffs New lIcrscy, where lerms are defined. The loap controller 150 is .i:ompriscd of
digital servo controlicr 44, DAC 46, and VCM driver 48. The “plant” 152 is defincd as
comprising actuator 24 and recording transducer 22. The plant outpul X represents the

absolute position of the recording transducer in units of relative head width. In

]
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self-propagation, the only observable signal is the posilian of transducer 22 refative 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 peint 156 is explicitly included
to account for the rclative nature of the observed position signal. Thus the observed
position signal equals the sum of the absolute position X and the burst paosition error
E. This signal X + E is combined at a standard loop rcfcrence summing point 154 with
the reference track value R to form the position ecror signal or PES. In usual fashion
the sign shown next to the .inco'ming atrows at a summing point represents a ‘sign factor

to apply to each signal before summing, hence the PES equals R-(X +E).

¢

The net cffcct of the written burst location errors is to produce a non-circular trajectory
that the scrvo loop attempts to follow, hence the errors act as an additional reference
signal. The i’csponsc to this trajectory is given by the closed loop response. Normally,
it is desired that the closed loop response of a servo loop be exactly equal to unity (in
which casc the controller gain would approach infinity). Such a system produces an
output that cxactly follows the desired trajectory and is inflinitcly stiff against
dislurbances. In reality, only a finilc controlicr gain can be used, and it must be
lrequency dependent Lo avoid loop instability zu'ising. from unavoidable phasc shiflts
(pusitive feedback). In typical servo loop applications, including disk file actuator
servos, Lhe primary performance objeclive is Lo provide optimal rejection of mechanical
disturbances within the constraints of a finitc sampling rate, and the resulting closed
loap rcspnn'sc riscs significantly above unily £1.5 or more) over a fairly broad range ol
frequencics. | No drastic consequences arise from this during disk file operation. In l.|:.]C
hi'cscn( situation, Im\.vc\lm",_ the response to a zon-circular Lrajectory at a given
propagation track is reproduced in the wriling of the next propagation track, and that

response is repraduced yet again on the next propagation track. The closed loop
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responsc carresponds to a step-to-step errdr amplification factor, so that an error at onc
propagation track appears N propagation tracks later multiplied by the closed loop
response raised to the Nth power. Thus, if the magnitude of the closed logp responsc
excceds unity any error will grow indefinitely. If the closed loop response is less than
unity, crrors are compounded, but the effect of an error at any one stcp eventually
decays. Thus the compounding is effectively limited to a finitc number of steps n.
Roughly speaking, n is given by 1 divided by the amount by which the closed loop
response differs from unity. For example, a closed loop response of 0.99 yiclas n=100.
.Systematic errors such as written irack width modulation wiil therefore grow by a factor
ol about n. The track to track error is still quite srhall, and only the less stringent limit
on absolute track circularity necd be a concern. éince wriltcn track width modulation
is only a few percent cffect,.a substantial growth can be tolerated without exceeding the
absolute circularity limit of roughly onc track spacing.'

Viewed as a time waveform, the. written burst location error trajectory is a perfectly
repetitive function with a repeat frcqucqéy cqual to the rotation frequency ol*the disk.
A principle of Fouricr analysis is that any such repetitive wavelorm has a frequency
spectrum conlaining non-zero amplitudes only at the discrete st of frequencics
carresponding to integer multiples of the repeal frequency, in this case the disk rotation
frequency. Thus, the relevant frequencics at which the closed loop response must be
keptl below unity arc all intcgral multiples of the disk rotation frequency. As a frequency
dcpcn(lcnt.quanlity, the ciuscd loap response C is actually a veclor of complex numbers
having both a magnitude and a phasc, with cach clement of the vector cm_'-rcspondingh to
a 'iv.m'licul:lr niultiple of'lhc rotation frequency. [t is the magnitude of cach clement of

the vector thalt must be less than unily.
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Choosing the scrvd loop parameters to cnsure that the closcd {oop response is less than
unity during writing is 2 simple method that providcs a substantial reduction in random
" mechanical motion while ensuring that error growth is bounded. The inclusion of
reference track table correction values computed during the normalization revolution,
step 134, alters the situation. In one embodiment described above, each new reference
track table valuc is sct equal Lo a nominal average refercnce level plus a predetermined
fraction, f of the previously recorded PES value for the corresponding sector obtained
during the write revolution. In this casc the step-to-step error amplification i"a'ctor {or
just step factor), S no longer equals just the closed loop response, C but contains an
additional term equal to f(1-C). Thus it is the combination S=C+1f(1-C) that must

have a magnilude less than unity at all integral multiples of the rotation frequency.

In this particular embodiment, the set of reference table corrections are computed by
takiné a fraction f of the PES values recorded during the write revolution. This is
rela'tivcly straightforward since it utilizes the PES rcadings directly as a time wavelorm.
In the above formula, S, like C, is a veclo.r of complex-valued elements, while the factor
I, being ffcqucncy independent and containing no phase shifls, is a single, real-vatucd
term. As Such, il is not possibic to find an f that results in the magnitude of cvery
clement of the vector S being less than unity, except for special cases such as when Lhe
clements of C arc atl > 1 or. all < 1. Thus, the time-domain approach to reference tabic
corrcelion can be uselul in certain circumstances and offers the virtue of simplicity but
does not p.rovidc a general capabilily of ensuring bounded crror growlh together with
high gain scrvo performance in which the magnitude of C exceeds unily. at some, buL

not all frcquencices.



As illustra;cd in Figure 3A, an alternative embodiment that does provide thi.%"gencral
capability is one in which the vector of PES values recorded during the write revolution
is trcated as a repetitive time waveform and is digitally ﬁltc_:red to produce _thc reference
table correction values. This is cquivalent to generalizing the factor f, such that it also
becomes a vect.or with cor-nplcx-va.iucd clements. Many possibilitics for a digital filtering
algorithm exist, but one which provides total flexibility for choosing f at all necessary
frequencies (i.e. multiples of the rotation frequency) is-illustrated. A first step 160 is to
compute the coefficients of the \discretc Fourier transform of the waveform of PES
values. Next, as represented by step 162, each coefficient is multiplied by a
complex-valued scale factor (the sct of which comprise ). Then, as represented at step
164, the transform is inverted using the scaled cocfTicicnts to produce a filtered time
| wavcform. Finally, as illustrated at step 166, the new reference track tablc valucs are
computed by adding this filtered wavcform to the nominal average reference level. A
description of the discrete Fouricer transform and the formulac associated with it can be
found in "The Electrical Engincering Handbook” published by CRC Press of Boca

Raton, Florida.

Rapid and ¢fficient computation algoriihms such as the FasL Fourier Transform may
be used to perform the requisite calculations, but in practice it is found that only a
limited number of frequency cocfTicients, corresponding (o perhaps as many as the {irst
6 or & multiples of the rotation {requency, are usuatly required. To ensure bounded
crror growth, only frequencics 2t which the magnitude of the closed loop response

cxeeeds unity need to be included. The factor [can cqual zero {or other {fequencices, and

carresponds Lo simply truncating the Fourier series transformations.
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The computation of Fouricr serics coclficicnts involves summing the PES valués timces
sinc and cosine table valucs. Using a standard microprocessor such as an Intel
486DX-66, the computation time for 6 frequency compencnts takes only about 12
microscconds per element in the PES vector and is easily accomplished in the time
available belween scctors during the write revolution itsclf , as described earlier. An
additional time of |6 microseconds suffices to scalc the coefficients by the factor f and
can be donc at the end of the write revolution. The inverse transformation computation
also takes about 12 microseconds per element and can be done sector—by—seé:(or during

the normalization revolution, as described earlier.

The filtering téchniquc described above allows one to sct specific values for the elements
of S. The closed loop response can be adjusted by mcans of the servo parameters o
provide a dcsifcd level of mechanical disturbance rejection, then the appropriate values
for f can be computed using tri\e formula f=(S-C){(1-C). Unbounded growth of errors
is a.voidcd by keeping the magnitude of all elements of the vector S less than unity, so
this is a primary consideration. In considering the growth of systematic crrors such as
wrile width mod‘u!atkm, the error in track shape levels off at a value equal to (.hc: basc
write width modulation times (I +C-S)](l-S), wherc the base write wid(th modulation is
the amount of rack width modulation that accures al cach write step. The net track
shape error is therelare very l:u'gc il S is closc to 1. Couversely, the cumulative eflect. of
random mechanical motion is magnificd if the step faclor is chosen Lo be nearly zero,

especially il C is closc ta 1. This accurs becausce the faclor [ itscif becomes very large if
Cis close to 1. A particular choice of S (hat is found Lo give cxcellent results with the
disk files studicd so far is 0.9. This reflects the fact that it is more important to keep

random crrors small than it is (o maintain absolute circularity of the tracks. Other

choices of step lactor S, including complex-valued oncs, may prove to be optimum
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depending on the details of the disk file heads, recording media, and mechanical:

propertics.

As described so far, the correction terms uscd to compute new reference track table
valucs involve onlly thc PES wavcform recorded during the write revolution. Othcer
information that is available prior to stepping may also be included, such as o
accumulations of previous PES waveforms or cven the PES wavcform from the
normalization revolution. Improved performance with regard 1o net track shape error
and random track-to-track error may be achievable through more complex algorithms
involving these additional terms. The essential feature of the present invention is that
corrections to the reference track table valucs arc based on data available prior to

stepping to the new track location.

A special casc occurs when the CL < < 1 at all frequencies equal Lo or greater than the
disk rotation frequency. As shawn in Figure 4 of the servo loop the PES = R - (X -+ E).
The plant motion X duc 0 the laop is given by (R-EY(CL/1 + CL), which for CL < <
l is approximalely zero and the PES becomes R-E, or the track <hape crrar. In practice
the PES will have to be averaged aver scveral revolutions of the disk due o random
noise on the PES resulting fram mechanical disturbances which are now present due to
the very low rejection by the serva loop. However, ance E is measured the reference can

be updated and the track error can be remaoved.

Wilﬂh a typical disk filc rcqui.ring many thousands of sleps 1o servowrite, cohtrolling the
growth of errors is critical. An important feature of the present invention is the
recognition of this phenomenaon as being due to Lhese speciai propertics of servo loops
as applicd Lo a repetitive self-propagation process and the identificatinn of specific

L 3
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remedics in the adjustment of the scrve loop paramecters to producc a desired ¢closcd loop
response coupled with digital filtering of the PES recorded during the write revolution
to compute corrections Lo the reference track table values such that the step factor does
not exceed unity at any relevant frequency. The utility of this specification arises from
the fact that very substantial reject'u;n 6f mechanical disturbances can be achieved
within this constraint, while not requiring extra proccssing time such as averaging
signals over multiplc extra revolutions of the disk. Even more importantly, this
specification clearly delineates the operating regime under which stable self-p?’opag’étion

is guaranteed, thereby ensuring a robust servowriting process.

Figure 5 shows a flow diagram illustrating another embodiment in which, in accordance
with the principles of the present invention, the writing of the prpduct scrvopattern and
optionally the timing marks may be changed to occu;’ during the normalization
revolution rather than the write revolution as dciscrilied above and illustrated in Figure
3. Many of the process steps of Figure 5 are the same as those of Figure 3 and bear the
same labels. This shift of the timing m;l{:i( and product scrvopattern writing to a
maodificd normalization revolution 134A decouples this opcration from the wriling of the
propagation bursts during a modificd write revolution 132A. Since the problem of crror
compounding requires special propagation paramcters [or the scrvo loop only during the
writing of (he propagation bursts, this decoupling makes it possible Lo use much l1ighcr
gains during the writing of the product servopalterns and timing marks. In particular
the par:lm‘cl.crs may resuit in a closed loop response substantially grealer than unity over
a rangc of frequencics including multiples of the disk rotalion frequency. This is -
';c;complishcd in a new process step 133 in which the servo paramcters are set equal to
special predetermined values that are tailored o provide fow TMR. These paramclers

would be determined in a manner similar o that used in sclling up the servo lor actual
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disk file operation, i.c. the gain and bandwidth 'woulli' be as high as possible consistent
with avoiding loop instabilily duc to frcqucﬁcy dependent phase shifts and a finite
sampling rate as described above. A number of factors that would be recognized by
those skilled in the arf of electrical design and servo control systems may allow
substantially lower TMR to be achicved during process step 134A than is possible in the
actual file operation. These factors includc for cxamp[e, the improved signal to noise
ratio achieved by using relatively long duration servo bursis, and the possrblhty ol using
more expensive electronic components such as ADC 36, DAC 46, and VCM dnver 43
in a scrvowriter embodiment that is designed to be extcrnal to the product disk file. The
reduced TMR during these opcrations results in lower random track to track crrors"and
reduces the amount of random fluctuation in the amplitude of the readback signal from
the timing marks as well. The latter cffccl‘ will reduce the incidence of errors in the

precision timing gencration system of the self-servowriting system.

i

Also shown in Figurc is an optional cxtra revolution step 135, that provides extra time
for the wrmng., of product servopatterné. Thls has a disadvantage of incrcasing
scrvowrile time but may be nccessary if a large numhc: of disk surfaces arc prcscnt
_within the disk filc and the regions I(M dedicated to timing marks and product
scrvopatterns are too short (o allow product servopatlerns to be written on all surfaccs.
As in the above discussion, it is advantageous Lo use higher servo gains during this extra
revolution to takc’advantage of the lower TMR. The decoupling of the product.

servopatiern and liming mark writing can also be accomplished by adding an extra -
lcvnluuon dedicated Lo Just this process rather than combining it with the nor nmllut‘lon
pmccdmc In an embodiment incorporating digitally filicred PES correction terms
added to the servo reference it is possible o achieve reduced TMR performance at alt

times. This climinates some of the motivation for decoupling the praduct scrvopattern

-
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writing from that of the radial propagation burst writing, but the altcrnative”

embodiments as described remain as potentially dcsircable alternatives.
SERYO LOOP MEASUREMENTS

In a particular embodiment a PID (proportional, integral, derivative) typc of servo loop
was implemented using a personal computer together with a comr_nerc-ially avajlable data
acquisition plug-in board containing timing control circuitry, an'ADc; and a DAC.
Together with an amplitude demodulator, a V“CM'current driver, and a gated oscillator,
the system was hooked up to an IBM Spitfire disk drive and the 6 burst propagation
sequence as described above (including the precision timing mark generation process
together with a phase cncoded servo patlern generator controlled by afn additional
computer) was carried out using various servo loop parameters. Such, a syslem is
suitable for use as 'an _exitcrnal servowriting system to be attached to the disk files _
through a{n electrical connector, ®but it is conceivable that the circuilry can be reduced
to just a few integrated circuits to be inE_:lu'ded in cvery disk file for complete stand-alonc

sclf-servowriting.

[n this servo loop, the control voltage cquals the sum of 1) a proportional gain factor
limes the PES; 2) an integral gain factlor times the sum of all previous PES readings; 3)
a derivative gain factor times the difference between the present PES and the PES from
the preceding scclor. These three gain factors are the servo paramclers thal allow
~adjustment of the servo closed loop response (the ratio of the position signal responsc (o
a reference level modulation at a given frequency). The closed loop responsc at any
frequency can be determined by applying a known reference level modulation at that

frequency while measuring the position signal response at the same frequency. This can

|
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be -accomplished without cxtra circuitry since the computer that functions as the digital
servo controller has access to the real time position signal and has the capability of
substituting sinusoidally modulated refcrence table values. By Fourier transforming a
serics of position signal readings obtained whilc applying a predetermined reference
tablé moclulatioh, the magnitude and phase of the responsc can be determined. This

process can be carried out with a representative disk file using various combinations of

.servo parameters to find thosc that provide the required property of having the closed

loop response less than unity at all multiples of the rotation frequency. For the PID

controller, this property is met using relatively high derivative gain together with
moderate integral gain and low proportional gain. ' Not all multiples of the rotation -
frequency actually need to be checked, only those lying near the peak of the responsc
curve. Typically only frequencies up to about 5 times the rotation frequency are
relevant. Also, relatively large changes in scrvo parameter values produce only
modérate changes in the closed lodp response, so a broad range of suitable paramcters
exist that provide both low TMR: and a closed loop responsc less than unity. This makes
finding good paramcters fairly casy, and allows breathing room for variations from filc

to file in such parameters as head width that can cffectively change the servo gains.

Altcrnatively, standard methods of servo loop analysis can be used to calculate the
closcd loop response from a knowledge of the controller gains along with a modci af the
actuator dynamics. For the test system the calculated results closcly match the responsc
data mcusu.rcd in the manaer desceribed above. The calculated trans{er functions for two
dlecran scts of propagation parameters that werc used in different tests of the systm;
arc shown in Figs. 6A and 6B. The dots arc included to highlight the first few multiples
of the disk rotation frequency. In Fig 6A the proportional and integral gain terms are

very small, while the derivative term (which acls like viscous damping} is inadc large,
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bul not large enough to causc the closed loop transfer function to exceed unity. This
servo loop operates with only about 20% higher TMR than the actual product servo
loop. With this system, radial propagation over 16000 steps is achicved wif_hout
significant growth of track shape errors (less than about 50 microinches peak to pcak),
and with track to track shape differences of only about 5 microinches rms. With the
 parameters as shown in Figure 6B the TMR drops (o about 20% less than that with the
product servo loop but the closed loop response is driven above unity at both twice and
three times the rotation frequency, resulting in an inability to successfully prt;pagat‘e

beyond about 70 steps due to growth of track shape crrors.

This error growth is illustrated in Figure 7B in which the circular diagram shows the
‘mcasured track shapes {or the first 60 propagation steps when using the propagation
.paramctcrs of Figure 6B. The track shapes were measured by backing up after ihe
i propagation sequence and holding the actuator at the average track location (using only
a weak integral gain term in the scrvo loop) for each propagation track. The normalized
readback amplitudcs at each of the 120 sé.tj:Lors were then averaged lor 100 revolutions
of the disk to climinate TMR cffects. The resulting waveforms were plotted as radial
devialions of circu'lar tracks. The scale is enhanced ny‘ a factor of ten to show the L-rack
sh-apc crrors morc clearly, i.c. the radial deviation is plolted 10 times larger than the
carresponding Lrack to track scparation. Also, the circles arc aiso spread aver a much
grealer apparent radial extent than on the actual disk, where 60 steps represents only
about ().4%' of the disk radius. A similar diagram in Figure 7A shows the first G0
prapagation Lracks using the propagation parameters of Figure 6A. Here the track -

shape crrors arc basically random and shaw no growth.
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The data plots in Figure 7A and Figure 7B show the maguitudc of the 180 Hz frequency
component (2x the disk rotation frequency) obtained by taking the Fourier transform
of the waveforms consisting of the 120 scctors of readback signals around cach track.
In Figurc 7B, where .lhe closed loop response has a magnitude of 1.029 at—l 80 Hz, this
component grows rapidly, rising from about 3 microinches to about 16 micrbinchcs in

only 60 steps. For the parameters of Figure 7A no growth is expected, and none is

obscrved.

An ctﬁbodiment in which reference track corrections arc computed using digital filtering
" of the PES recorded durihg 'céch write revolution was also tested. Setting the servo.
proportional gain to 400 (with integral and derivative gains of .39 and 4000 rcspcctivel_y
as in Figure 6B) results in a closcd loop response greater than 1 at the first 5 multiples
of the rotation frequency, with a peak value of 1.31. Using filtering calculations up 1o :
the 8th mulliple of the rotdtion (requency with the factor f calculated so as to result in; °
a step factor S=0.9 at all 8 frequcncics, propagations of 16000 steps can be carricd out
without substantial ercor growth (about 50 microinches peak-to-peak at most). Without
the filtered PES reference track COTI'CC!.‘i(mS, these servo gains would have prevented
propagation beyond just a few steps duc to cxponcn'tiul error growth. The higher gains
cut the TMR ta about 50% of the typical file TMR, and result in substantially

improved random track-lo-track crrors in the servopattern.
PITYSICALLY SEPARATE READ AND WRITE ELLEMENTS

In the discussion so far, il has been assumed that the recording read transducer and
write (ransducer arc onc and the same, as in the typical inductive read/write clemert

commonly used. Recently, transducers employing separate read and swrite clements such

L
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~ as the so callcd MR (magnctorcsistive) transducers have come into use, and require

special attention with regard to the determination and control of propagation track
spacing by means of nominal average rcfcrence value settings. Figure 8A is a diagram
of such a transducer showing the different widths of the read and write elements along

with an offset between read and write element centers. Figure 8B shows a plot of how

. the normalized rcadback amplitude varics with the position of the actuator. Here, zero

corrcspbnds to the actuator position during the write. The actuator movement required
to rcach a particular level of amplitude reduction depends on the read width, write
width, and offset (and which dircction of motion is'desired). It is de_sira'ble that the
propagation track spacing be determined only by the read and write widths and_not.bc
affected by the offsct in the elements. This is particularly important since the apparent
offset changes as the rotary actuatér sweeps from the outermost to the innermost track
in a'disk file (the spatial separation of the read and write clement(s along the actuator
arm dircction lcads to different projected locations of thesc elcments onto the disk track
as the arm rotates). An important aspect of the present invention is the incorporation
of 2 mcthod for eliminating this -dcpcndfzncc on read to writc clecment offset in a manner
that requires no prior knowledge of the precise geometry of the head and which can be

achicved solely through mecasurcments of rcadback amplitudes.

Figure 9 is a diagram of the 6 burst propagation pattcrn showing the relative locations
of the wrilten bursts in onc of the propagation burst regions. 1t is important for disk file
data track .;pacing that, an avcrage, the cdges of adjacent tracks should have a specilic
amount of spacc between them Lo avoid overwriling of data on anc track by a head ll-\ut
l\ supposcd (0 be on the adjacent track. For example it may be desired that Lhe dala
tracks be 4 propagation tracks apart and have an average space belween writlen track

cdges of 25 percent of the data track pitch. This is the situation illustrated in Figure 9,
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where uscr data tracks arc shown assigned to lacations corresponding to propagation
bursts A and E. In this case, propagation bursts that are 3 steps apart, such as A and
D have their edges just lined up. If the read clement is positioned so that ghc rclative
amplitude from burst A equals the relative amplitude from burst D (the A=D position)
then the relative signal is 0.50 if the édgcs linc up, greater than 0.5 if the cdges overlap,
and Jess than 0.5 if the edges have spacc between. Thus, the relative amplitude at the
A =D position is an indicator of whetiwr the propagation track pitcﬁ is oo small or too
large and can bec uscd to adjust the nominal average rcference level used durfng

propagation to correct the pitch.

IT the readback amplitude varies linearly with position -(a fairly.gond approximation) the
adjustment in the nominal average reference level for propa_ga"fion. that is'required to
obtain the correct spacing can bc computed from the measu'red relative amplitudc at the
A =D position. This can be scen by noting thait a change in refercnce level .by an
amount r results in a change in the relative amplitude at the A =D position of 3r/2
because each of the 3 steps contributes 'a ;pacing change cqual to r, and the change is
shared cqually by A and D. Thec nominal average rcference level should thercfore be
adjusted by an amount cqual to 2/3 of the deviation of the relative amplitudc at the

A =D position [rom its desired level.

The method of the present invention consists of the following steps. Tirst, choose an

initial nominal average reference value and propagate several steps (3 or more in Lhis

casc). Next, back up to a location such that the rclative amplitude of an A burst and
D burst are cqual. This is accomplished by temporarily re-defining the PES to be the
difference belween the relative amplitudes of the A and D bursts. Using the relative

amplitude of A (or D since they are now cqual), compute the correction ta the

-
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propagation nominal average reference level as described above and continue -

propagaling.

Prcferably, this process is repeated scveral times at the very beginning (in a region that
will not be assigned to uscr data) to initially set the reference level to account for the
particular read 1o writc clement offsct. Changes in the offset due to rotation of the
actuator can be accounted for by repeating the process at regular intervals. In
‘experiments carricd out with the system described above, excellent results were obtained
by repeating-this process every 40 propagation steps. The process was actually carr_ied
out by averaging the relati_v_e amplitudes at the A = D, B=E, and C=F locations. Also,
only a fraction (1/4) of the computed corrections to the reference level were applied cach
time to reduce the effects of noise. Since the reference level changes very slowly, there
is an advantagc to lelting the corrcctions build up slowly as well. This measurcment and .
correclion process required 11 revolutions of the disk and was performed every 40 i
propagation steps (which take 120 revolutions since cach step requires a write, a

- normalize and a step revolution), hcncq it increascs the servowrite time by only about
9%. Figure 10A shows the nominal average reference level plotted versus prapagation
slc-p number for a full run of 16000 steps, zm_d Figur-c 10B shows a plot of the refative
amplitudes at the A =D positians (averaged wilth B=E and C=T) mcasured in (he
samc run. Here the track pitch was chosen to be smalier than that shown in Figurc 9
(the 25% space belween written data tracks shown in the ﬁg\lr'é is actually highecr than
nccded) so (hat the desired relative amplitude at the A =D position was sct to 0.625
rather than 0.5. I can be scen that this method works quite well al holding the track
Sﬁ:_lcing canstant (as delecrminced by the relative amplitude al the A= D position) by

systemalically adjusting the propagation nominal average reference level.
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A number of variations of this mcthod arc possible. As alrcady noted the dcsired
relative amplitude at the A =D position may be set greater than 0.5 to achicve a lighter
track spacing. Another variation is to usc thc A =E position, or A =C, or some other
combination rather than A =D. The choice would depend on the ratio of the data track
pitch to propagation track pitch and the desired spacing between tracks as well as the
relative widths of the read and write clements. Reft crring (o Figure 9, note also that the
choice of how many bursts to use in the propagation pattern depends on these same
factors. The key requirement is that the read clemcnt be able to read a particular. t;urst
without interference from the next burst over (the onc in the same slot) several

propagations tracks away.

WRITE ERROR CORRECTION

The usc of special servo loop para xriietcr's (those that keep the stc})-to-;step crror
amplification factor less than uﬁity at allﬂ multiples of the disk rotation frequency)
together with reference track corrections bascd of the PES during the writes leads to
great benefits in limiling the growth of crrors in the propagation track shapes. Also, the
track to trick sha pe differences arc kept low by opcrating the serva with paramcters that
provide fairly good rejection of mechanical disturbances resulting in low TMR.
However, cach Lrack still contzins some error <uc to TMR from such disturbances. By
its naturc the product servapaticrn is designed o encade relative head to disk position..
Thus, a writlen-in error duc to TMR during the servowrile process ultimatcly translates
into a carresponding crror 'in tire radial posilion mcasurement oblained by the product
-scr\-'npa(.tcrn demadulator during subscquent file operation. An additional feature of the
present invention is a techniqu2 for reducing the cffect of this residual TMR on the
apparent shape of the product scrvapattern. Essentially, the idea is to use the PES of

]
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the propagation scrvo loop to modify the product scrvopattern as it is being written in
a way that results in canccllatio.n of the effect of the writtcr_l-in position crror when the
servopatlern is subscquently read back during file operation. The techniq_l.lc involves
both the servowrite propagation process and the servopattcrn readback process during
file operation. A preferred type of modification of the servopattern that is easily
decoded by the disk file during operation and simply implemented in the scrvowriter is

time shifting of the servopattern relative to the scrva 1D field.

As a first eiamp!e of an embodiment of this process consider an amplitude burst
product servopattern. In such a servopatlern thc;‘e arc typically 2 or more bursts of
written transitions delected within specific time slots {ollowing the servo ID field. Figure
LA shows a simple two burst servo pattern in which the desired track location is
defined as the Jocation at which the rcadback signal from the A and B bursts are equal.
In a conventional servopattern demodulator the readback amplitudce is sampled and
digitized ncar the end of cach désignated burst time slot and represeats a filtered average
of the burst amplitude. Figures 11B t-q [1F show waveforms associated with the
demadulation technique of the present invention and Figure 12 is a block diagram of the
circuitry involved. The readback signél is detected by a rectification circuit as in a
conventional demadulator but the gulput is run through a gated integrator circuit before
being digitized by the ADC. The sector 1D detector provides the timing reference from
which the fixed integrator gate signals and ADC trigger signals are derived using
delayed dr'wu ble pulse generators. The ADC is triggered Lo digilize the galed intcgrator
oulput just prior L the falling cdge of the gate. This gate cdge scrves to reset Lthe .l
in(-i‘.gr:xlm' Lo zero as well. Thus, the digitized burst amplitude cquals the rectificd
readback signal times the amount of Lime averlap between Lhe integrator gale and the

detected burst signat. The rectified readback amplitude changes with the radial location
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of the writien burst so it tracks the TMR during the writing. By intentionally altering
the time at which the burst is written relative to the sector 1D, the amount of timc

overlap between the integrator gate and the detected burst signal can be adjusted so as

1o just cancel the effcct of the TMR on the rectified readback amplitude, resulling in a

digitized burst amplitude value that shows no effects from TMR during scrvowriting.
The time of burst writing is adjustable through the use of the timing delay unit inserted
in scries with the write data from the pattern gencrator. A digitélly programmable delay
unit such as those manufactured by Data Delay Devices Corporation of 3 Mt. Prospect
Ave., Cliflon N.J. provides the requisite rapid and precise adjustment of timing delay

under digital control that is needed for this application.

The method for computing the proper delay is illustrated in Figures [3A to 13F which
show" a sitt;ation in which the A burst is radially mis-positioned due to random TM R
during serVowriting. ' In accordance with the present invention, the time at which the A
burst is \;n'ittcn is shifled relative to the cnd of the servo ID {icld. For simplicity, it is
assumed that the readback signal varics .bcrrcctly linearly with off Lrack position.
Sl;|1p<1sc the radial position error is a fraction [ of the read element width and in the
upward direction as shown in Figurce 13A. A good c'slimalc of this radial position crror
is provided by the PES of the sclf-propagation servo loap as measured for the
propagation burst region just preceding the product servapatiern region in which burst
A is wrilten. For paltern propagation procceding {rom the top down (he patlern

propagation burst (not shown in this figure) would have its fower cdge coincident with
the desired track lacation and an crror in position in the upsard direclion would )
ﬁi.'nducc an increase in the readback amplitude of the propagation burst. This produces
a PES rcading cqual to -f since the PES is the fractional reference valuc minus the

normalized readback amplitude. The productl servopatiern A burst normalized
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rcadback amplitude is shifted by -f alsa, i.c. it is tower than it should be because the
burst edge lics above the center of the recording transducer. This lowers the slope of the
integrated signal. The integrator output signal at the time of the ADC trigger pulse

(which corresponds to the digitized burst amplitude value) can be restored to its correct

PESxT
PES—V’

the usual overlap time when no shift is applicd and V is the rectified readback amplitude

value by shifting the A burst later by an amount t given by ¢ = where T is
(normalized to the on-track signal) that is expected for no radial position error of burst
A. V typically has the value 0.5 since the two burst servopattern would define data
tracks at the focations where the A and B burst amplitudes are equal and the writtcn

.

burst edges are aligned as in Figure 1{A.

. Errors in the B burst radial position can be cancelled in a similar manner but the time
" shift must be opposite to that cmployed for A burst. This arises from the fact that the
upper edge of the B burst is used instead of the lower edge. Thus an upward position
crror during servowriting would: incrcase the amplitude of the B burst detected by the
product demodulator, and would requil_'c.ﬁhil'ting Lhe burst to an carlicr time to
compensate. This is casily accounted for by having the microproacessor scquence
conlraller keep track of which burst type is being wr.iucn and adjust the sign of the time

shift accordingly.

A slightly more complicated situatian arises if the product servapaltern utilizes both
cdges of a given burst to ch.inc different track tocations or for between-track position
crror determination. For c;(alnplc the lower edge of the A burst may h.c.-uscd to dcﬁ'ne
ane data track location (in conjunction with the upper cdge of the B burst) while the
upper edge of burst A is used to define an adjacent data track location (in conjunction
with the lower cdge of a different B burst). Writing the A burst later cancels the effect

*



of the radial position crrar for the lower edge of the A burst but would double'the crror
as scen at the upper cdge of burst A. A solution is to shift the gate signals for these.
alternate cdge locations so the gate starts before the bu tst and ends during it rather than
starting during the burst and ending after it. Thus, shifting the A burst to a later time
would reduce the overlap time between the'gate and the detected burst amplitude signal.
In this way, a unique time shift applied to a burst during servowriting wou-ldlserve to
cancel radial position errors for either burst edge. The two gatc delay times would be
alternatcly selected by the disk file servopattern demodulator depending upon a

pre-arranged assignment of-burst edges to data tracks.

In the case of phase cncoded servopatterns, the relative phase of the readback signal
between Lwo bursts is the position dependent quantity that is ultimatcly detected. An
error in radial position thcrefore corresponds quite directly to a phase error in the
dctected pattern and can be cancelled quite simply by applying an appropriate time shift
to one of the bursts during scrvbwfiting. No special modification to the product

scrvopattern demodulator is required in this casc.

Regardless ur the product servopattern type, the error cancellation {echnique requires
that a correction be applicd to both the product servopattern and the amplitude burst
propagation pallern at cach step. 11 this is not d(ii{c, the propagation scrva toop will
allempl o follow the wrilten-in propagation paticrn errors while wriling the next step,
so an an image of it will be transferred to all patterns (propagation bursts and product
sgrvnp;tll.crns) wrillen on ll..\C next step. This is equivalent. (o having the .t:rrors appear
again anc step laler. As mentioncd previously, wrilten-in crrors behave just like
madulation ol the reference signal in the'scrvo loop and lI1§ response Lo them is given
by the closcd [oop response of the servo loop. Thus, the image that is carricd forth w

-



the next step is given by the closed loop response times the written-in error signals
treated as a time waveform applied (o the servo loop. A way to prevent this response
to written-in errors is to adjust the rcference table values to reflect the known position
errors during writing so that each reference table value matches the expect::d amplitude
for the corresponding burst when scnsed by the read element located directly on the
desired propagation track. Just as in the casc of the corrections to the product
servopatterns the kﬁown position errors during writing are simply the PES rcadings of
the pattern propagation scrvo loop during the write revolution. Referring to Figure 4B, |
a mis-positioned propagation burst that causes a change in readback amplilude by an
amount E changes the scrvo PES by an amount -E. If the reference track value R were
increased from its nominal average valuc by the same amount E, the net result would

. be no change at all in the servo PES and therefore the written-in error would cause no
aciuator response at all. Referring to Figurc 4A and bearing in mind that the |
prbpagation procceds in the downward-dircction, il can be scen that during the write
of the mis-positioncd burst the recording transducer was shifted too far down, resulting
in a rcadback signal smaller Lhaﬁ the desired value. Since the PES is the reference minus
the position signal, the PES during the writc would have been higher by an amount E.
Thus, writlen-in crrors can be climinaled from the propagation scrvopatiern by adding
the PES values obtained during the write revolution to the nominal avcrage reference

valuc 1o create the reference table values used on the next step.

This pmcc.ss ol modifying the reference table values was described carlier in the
gliscussinn of crrar compouinding. In the simplest embaodiment the reference table is
correcled Ly a lactor [ times the PES cccorded during the write revoluiion.” From the
above discussion it is clear that the most cffective error canceliation is achieved with this

factor [equal Lo 1. However, the introduction of reference Lable corrections leads (o a
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madificd stability criterion ig which the step-to-step error amplification factor

S =C+(1-C) must be lcss than unity. From this cxpression it can be scen that if f is
exactly 1, S will also equal 1 and errors will not decay. The choice of f is determined
by a trade-olf between maintaining an acceptable level of absolute track n—on-circularity
and the fact that the random track-to-track error cancellation is made less effective as f
is reduced. Analysis shows that the net track-to-track random errors in the scrvopattern
are proportional to the TMR times (1-f). Thus, while f=1 is best, very significant
randém error cancellation can be achieved just by being rcasonably close to l The same
analysis applies in the more sophisticated cmbodiment employing d_igitally filtered PES
corrections, where f is a veclor of complex-valued-elcments. In this case one would”
choosc particular values of the elements of the step factor S so as to result in all clements
of f being as closc Lo | as possible (provided the magnitude of -.S itself is kept less than
). At higher frequencies, where f=0 as a result of truncation of the Fouricr scrics
filtcring calculations, the random crror cancellation will become ineffective. However,
in general, the TMR itself has very little high frequency content so a loss of effect in this

rangc means very little in terms of the total rms errors.

In the alternative embodiment shown in Figure 5 involving decoupling of the writing of
the product servopattern, the PES uscd to madulate the product servopattern woultd not

he the same as that used for computing the reference table coriections.

Other methads of modulating the product servopaticrn Lo atlow random TMR

cancellation beside those described above can be devised by thosc skilled in the art.
Examples include modulating the frequency or the duration of amplitude burst patterns
coupled with correspanding detection circuitry included in the product servopatlern

demodulator. The novei aspeci of the present invention consisis of using the real-time



(43

51

PES signal during scrvowriling to allow corrcction of servopattern posit.ion crrofs 35 they
arc written. The modification of the self-propagation reference table valucs bascd on the
PES is also important for achicving the desired reduction in track to track random shape
errors. This correction is fed forward in time for track following at a subsequent step
so it differs substantially from previously described techniques for smoothing of the
reference table values based on averaging the PES over several revolutions while track
following. The purpose of the correction is also very different than anything described
in the prior art since it is specifically designed to reduce random track to track errors’
and must be coupled to error cancellation in the product scrvopattern in oﬁlcr to be '

I3

effective.

1t wfﬂl.bc understood that the present invention may bc gencralized to the writing
palterns on a medium that 'movcs rz':pcti:tivcly. Whilc such motion may constitute-
successive rotalions of the fedium as described above it may also constitute any
repetitive motion including rectilinear and Eeciprocat'mg motion. Thus, any medium may

be decoraled over an arca using the scif propagation principles described hercin.
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CLAIMS:

1. A method for determining the desired track pitch of tracks to be written on a
storage medium of a storage device having a transducer, said method comprising:

choosing an initial nominal average reference value;

writing a transitién on each of a plurality of said tracks, said plurality of tracks being
less than a total number of said tracks, wherein spacing of said plurality of tracks is
determined by said initial nominal average reference value;

measuring a first relative amplitude of the transition written on one track of said
plurality tracks and a second relative amplitude of the transition written on another track of
said plurality of tracks;

comparing said first relative amplitude and said second relative amplitude;

positioning said transducer based on said comparing;

repeating said measuring, comparing and positioning until said comparing indicates
said first relative amplitude is substantially equal to said second relative amplitude, wherein
a measured relative amplitude is obtained;

comparing said measured relative amplitude to a predetermined value to obtain a
deviation froni said predetermined value; and

determining a second nominal average reference value using said deviation, said
second nominal average reference value being used to write subsequent tracks at said
desired track pitch.

2. The method of claim 1, wherein said transducer comprises a separate read
element and write element. |

3.  The method of claim 1, wherein said determining comprises subtracting a
fraction of said deviation from said initial nominal average reference value to obtain said
second nominal average reference value.

4.  The method of claim 1, wherein said predetermined value corresponds to a a

desired gap between said tracks to be written.
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5.  The method of claim 1, wherein said measured relative amplitude is equal to a
sum of said relative amplitude of the transition written on said one track and said relative
amplitude of the transition written on said another track.

6.  An apparatus for determining the desired track pitch of tracks to be written on a
storage medium of a storage device having a transducer, said apparatus comprising:

means for choosing an initial nominal average reference value;

a pattern generator adapted to write a transition on each of a plurality of said tacks,
said plurality of tracks being less than a total number of said tracks, wherein spacing of said
plurality of tracks is determined by said initial nominal average reference value; |

means for measuring a first relative amplitude of the transition written on one track of
said plurality tracks and a second relative amplitude of the transition written on another
track of said plurality of tracks;

means for comparing said first relative amI;litude and said second relative amplitude;

means for positioning said transducer based on said comparing;

means for repeating said measuring, comparing and positioning until said comparing
indicates said first relative amplitude is substantially equal to said second relative
amplitude, wherein a measured relative amplitude is obtained;

means f(;r comparing said measured relative amplitude to a predetermined value to
obtain a deviation from said predetermined value; and

means for determining a second nominal average reference value using said deviation,
said second nominal average reference value being used to write subsequent tracks at said
desiped track pitch.

7. The apparatus of claim 6, wherein said transducer comprises a separate read
element and write element.

8.  The apparatus of claim 6, wherein said means for determining comprises a
subtracter adapted to subtract a fraction of said deviation from said initial nominal average

reference value to obtain said second nominal average reference value.
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9.  The apparatus of claim 6, wherein said predetermined value corresponds to a
desired gap between said tracks to be writtén.

10. The apparatus of claim 6, wherein said measured relative amplitude is equal to a
sum of said relative amplitude of the transition written on said one track and said relative

amplitude of the transition written on said another track.
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