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RADIAL SELF-PROPAGATION PATTERN GENERATION FOR DISK FILE
SERVOWRITING

This subject matter of this 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 and System for
Wr!iting a Servo-Pattern of a Storage Medium" commonly assigned herewith, and the subject

matter of which is _incorporated herein by reference. It is also related to Singapore Patent

| Application No. ' 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

The invention rela

herein by reference. |

“ enerally to hard disk dnve memory storage dewces for computers.
ates to disk drive apparatus and to a method for writing servoirack

information there ] "ore specifically it relates to alleviating the need for a
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compicx mechanical and/for optical positioning system to establish servopatterrs on the

recording surfaces of the recording media.
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Gencral Background Art Relating to Self-servowriting

As described in International Patent Application, WO 94/11864, incrcased levels of
storage 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 posilioners 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 hcad 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 (o track-to-track spacing, an embedded serve is

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

Conventional hard disk manufacturing léclmiques including writing servotracks on the
media of a head disk assembly (FIDA) with a specialized servowriter instrument. Laser
positioning feedback is used in seich instruments to read the actual physical position of
a rccording head used to write the servdtr:;cks. Unforiunatcly, it is becoming morc and -
morc difTicult for such scrvowriters to invade the internal cnvironment of a H DA for
scrvowriting because the HDAs thcmscl.vcs are exccedingly small and depend on their
covers and castings to be in place for proper operation. Some HDAs are the sizé z\nd
thickness of a plastic credit card. At such levels of microminiaturization, traditional

servowriling mcthods arc inadequate.”

-

Conventional serve-patierns typically comprise short bursts of a constant frequency
signal, very preciscly located offsct from a data track’s center linc, on cither side. The
bursts arc wrilten in a sector header arca, and can be used to Mind the center linc of a

track. Staying on center is required during both reading and writing. Since there can -
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Bc between seventeen to sixty, or even more, scctors per track, that s;amc number of
servo data arcas must be dispersed around a data track. These servo-data arcas allow
a head to follow a track center line around a c_lisk, even when the track is oljt of round,
as can occur with spindle wobble, disk slip and/or thermal e;cpansion. As technology
advances provide smaller disk drives, and increased track densities, the placement 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 inscrted onto thé surface of the
recording disk and is used to write a rclerence timing pattcrﬁ. An external head/arm
positioner with a very accurate lead screw and a laser displacement measurement device
for positional feedback is used to precisely determine transducer location and is the basis
for t]Lack placemént and track-to-track spacing. The servo writcr requires a clean room
cxivironment, as the disk and hcads will be exposed (o the cnvironment to allow the

access of the external head and actuator.

United SL;HCS Patent No. 4,414,589 to Oliver_ct al. teaches scrvowriting wherein
oplimum track spacing is determined by positioning onc of the moving read/writc heads .
al a first limit stop in the rangc‘of travel of the positioning mcans. A first reference
track is then written u-'ilh the moving head. ‘A predetermined reduction number or
percentage of amplitude rcd_uc_tion X%, 1< then choscn that is cmpirically related to t_jlc
desired average track density. The first reference track is then read with the moving

head. The moving head is then displaced away from the [irst limit stop until the

amplitude of the first reference track is reduced Lo X% of its original amplitude. A

second reference track is then written with the moving head and the moving head is then
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displaced again in the samc direction until the amplitude of the second referenice track
is reduced to X% of its original value. The proccss 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
second limit stop in the range of travel of the positioning mcans is cacountered.
Knowing the number of tracks written and the length of travel of the moving head, the
average track density is checked to insure that it is within a predetermined rahge of the
desired average track density. If the average track density is high, the disc is erased, the
X% value is lowered 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 predctermined range of the desired average track density, the
desired reductlion rate X%, for a given average track density, has been determined and

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

Unfortunately, Oliver et al. do not discl_o.%i: how 1o gcnerate a clock track using the
internal rccc-)rding data hcads, as this is achieved by an external claock head. Oliver also
do nol tcach how to determine the track spacing dur.ing propagation. This results in the
requircment of wriling an entire disk surface and counting the number of written tracks
to dclermine the track spacing. Further, Oliver et al. do not examine the variation in
the plurality of hcads with the disk drive to sel the track pitch accordingly. -Finally, )
Oliver ct ai. do not tcach how to limit the growth of crrors -during the radial

propagation growth.

As also described in International Patent Application W094/11864; a method for

wriling 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. Threg types 6f‘ scrvo-patterns
arc uscd to gencrate three-phase signals that provide a dif'fercncé signal having a slopc
that is directly proportional to velocity. Servo-patterns that Are substantially wider
radially than the nominal track-to-track separation are possible. This helps improve

recadback amplitudes, and thus servo performance. Janz observes that the signal level

. from a transducer is a measure of its alignment with a particular pattern rccorded on

the disk. If the flux gap swceps oaly forty perceh't of a pattern, then the read voltage
will be forty percent of the voltage maximum obtainable when the transducer is aligned
dcad-center with the pattern. Janz uses this phenomenon to straddle. iwo of three offset
and staggered patterns along a centerline path intended for data tracks. -
Ina preferréd 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 indicatcd by the first phase gcrvotrack 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 time as indicatcd'by th_c first data-track amplitudc, and a sccond phasc
servotrack is recorded on the servo side. The transducers arc again moved-in radially
onc half of a Lrack, as indicated by the sccond phase scrvot.rack amplitude, and a second -
data-trz_ick is recorded on the data side. The transducers arc moved-in raaially another
onc half of a track, as indicated by tl1c§econd data-track amplitude, and 2 third phase
servotrack is recorded on the servo side. The transcducers arc moved-in radially one half
of a track, as indicated by ihc third .phasc servolrack amplitude, and a third data-track
is recorded .(.m the data side. This bélck—and-forth progress is repeated until the entire

Lwo surfaces arc written. If oo few or oo many tracks were Lhus writlen, the disk is
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reformatted once more, but with a slight adjustment to step inward slightly more or
slightly less than one-half a track width, as appropriate. Once the disk drive has been
formatted with an entire compliment of properly spaced servotracks, the data-tracks

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

Unfortunalely, 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 controlied, and seek times to find data between tracks would thus be seriously
and adversely impacted. Transducer flying height variations and spincile runout that

occur within a single revolution of the disk, and media inconsistencies can and do

~corrupt radial position delerminations that rely on a simple reading of off-track read

signal amplitudes. Prior art methods are inadequatce for very high performance disk

drives.

1BM Technical Disclosure Bulletin, Vol. 33,No. 5 (October 1990) entitled “Regenerative
Clock Technique For Servo Track Wriicrs" suggests scrvo writing of a head/disk
assembly after the covers are in place by means of the product head and without the usc
of an exicrnal position encoder disk. A single clock track is written at the outer diameter
and divided into alicrnatc A and B phases. Thc hcad is than stepped inwards hall a
track al a time using cach phasc alternately as a source of clock information from which
scrvo information in the scrvo scclors preceding cach data ficld and further clock signals’
in the alternate phasc can be written. The half track steps cusure that the previously
written clock information can be read. The technique dispenses with a dedicated servo

writer clock head and associated mechanisms.



International Patent Application No. W094/11864 teaches a hard disls;. 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 surface, a
variable gain read amplifier connected to the transducer, an analog to digital converter
(ADC) attached to the variable gain amplifier, an crase frequency oscillator coupled io
- the transducer for DC erasing of the disk surface, a memory for storing digital outputs
appt_aaring at the ADC, and a controller for signaling the servo-actuator to move to such
radial positiors that result in transducer read amplitudes that arc a percentaée 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 track can be read in between writing clock bursts and the read
signal is used to frequency-lock an oscillator wiﬁch is used as a reference for the writing
of clock bursts of the next track. A checkerboard pattern of clock bursts is thus created.
All subscquent tracks are built incrementally by stepping off a half of a track from the
last track written, which compriscs clock bursts, and writing a next new sequence of

clock bursts that interlace with the prc‘\;ious track’s clock bursts.

Background Art Specific to Radial Self-propagation

The process of disk file scr\{owriting using only the internal recording transducer and.
product actuator, referred (o as scif-servowriting, involves a combination of three larg-cly
distinct sub-processes, writing and rcading magncetic transitions (o provide precise
timing, positioning the recording transducer at a sequence of radial focations using the

variation in readback signal amplitude as a sensitive position transducer, and writing the

¥



actual product servopattern at the times and radial locations defined .by the other two
processes. The prescat invention addresscs significant shortcomings of the radial
positioning process, referred to here as sclf-propagation, as previously desc_xribed in the
prior art, specifically U.S patent No. 4,414,589 by Oliver, et al., International Patent
Application WO 94/11864 by Cribbs ct al., as well as the above mentioned related U.S.
Patent Application Serial ,N0.08/028;044 by Chainer ct al.. The concept of
self-propagaiion as applied to disk file scrvowriting, while promising very substantial
benefits with regard to. servowriting cost (as pointed out in the 1983 U.S pate'nt No..-

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

I3

Briefly, the shortcomings in previously described techniques are associated with lesser
accuracy in the placement of the servopatterns as compared with conventional
servowriting. The requirements for cver closer track spacing in disk files makes highly
accurate servopattern wx;iting a nccessity. The cost advaritages of self-propagation are
not sufficient to supplanl conventional servowriting without addressing and solving the
problem of servopattern inaccuracy. T_w6 factors contribute to reduced servopaticrn
accuracy when using scif-propagation; error compounding and higher levels of random
mechanical motion. 1n conventional scrvowriters the radial positioner is an external
device that affords stable location of the recording transducer by virtuc of its relatively
high mass and stilT attachment a large granite block that has ﬁiuima! vibration.
Random mechanical motion of the recording transducer is thercfore kept very small,
and the track shapcs defined by the scrvopatterns arc almost perfectly circular. Ecrors
that do occur are totally uncorrelated from track to track, so .compounding is ncver a
consideration. Average track Lo track spacing is accuralely maintained through the use
of a laser displacement measurecment device. In sclf-prdpagation, the radial position

signal that is used 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. An crror in
one stcp of the process can affect the position of the recording transducer on the next
step so it is essential that the compounding effects of a very large number of steps be

considered.

A simple solution is to use only weak scrvo control so that radial placement errors are
averaged out rather than dynamically tracked. This is the approach deséribefl in
Chainer ct al.. This is also implicit in the patent of Oliver et al., whefe the propagation
‘pattern is physically overwritten at each stép. This means that the readback amplitude
cannot be determined at the time of writing, hence’ the servo controller must be
essentially free running with no ability to dynamically adjust to the pattern. However,
random mechanical motion may be kept small only by using a very tight servo control.
Thus, elimination of error compounding comes at the expense of higher random
mechanical motion, thus making this solution unattractive. Aléo, the use of a low
bandwidth servo requires long times for stepping and scttling to the préper location,

lcading to increascd servowritc times and higher cost.

In Cribbs ct al. there arc suggestions that the servo control does dynamically track Lhc
writien paltern cdges, but there is no discussion of how this alfects error compounding.
In fact, they describe a refinement to reduce “hunting” and “dithering” of the actuator
that most tikely ariscs from just such a compounding cffcct. In further discussion below
it will become apparent that this refinement merely hides the presence of exeessive error

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

Scervopattern crrors of different types have varying degrees of importance with regard

to ultimate disk file performance. The absolute radial position of each track on the disk

v
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necds to be controlled only modcratély_wcll 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 ﬁghtly constrained.. There
is a maximum absolute spacing such that the desired number of data tracks be
éontained between the inner and outer mechanical stops of the actuator, but as long as
the recording transducers 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 head Lo set the track spacing for all heads are ‘
generally effective for ensuring that the average track spacing meets the necefssary'
criteria. However an unforescen problem with regard to the determination of the ideal
amplitude reduction factor to use for a scrvo control reference during self prépagation

- has arisen witlh the introduction of recording transducers in which the read 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

actuator is uscd Lo position the rccording transduccr.

While it is dcsirable that the track shapes be reasonably close to circular in shape, the
disk file servoactuator will repeatably lotlow maderate amounts of deviation so that daia
tracks will be rcad back on the same trajectory as they were written. Thus, as long as
adjacent tracks arc distorted similarly, absolute circularity necd only be maintaincd
within [airly coarse bounds, determined by a desire Lo limit the repeatable motion of the
actualor to roughly onc head width or so, as opposed (o rcadback mis-registration

cancerns which require a limit of a small fraction of thc head width.

v
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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 detected on readback (this causes data read
errors) and, cven more importantly, that adjacent track data will never be overlapped
excessively during writing since this could result in pcrmanent loss of user 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 relative to its neighbors
must be considered, 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 foﬁowing disto_rtions from perfect circularity and will produce misshapen data tracks.
The data tracks do not cxactly match the servopattern track shapes becauvse the scrvo
loop follows accurately only up to a limited f‘rcqucncyi, but it is a reasonably good
approximation Lo simﬁly take them as b‘.cir'lg identical. The gencral arguments that
follow arc unaffected by this level of detail, but one would wish to include this cffect

when determining a precise product specification for track squecze.

In sclting the minimum allowable spacing, onc must take into account the cxistence of
random fluctuations about the desired Ll'ack location (as defined by the scrvopattern)
that result from mcchaniczil_disturbanccs'(lm'ing actual file operation. One of the largest
sources of distui'bancc_ is the turbulent wind blowing against the actuator from the .
spinning disks. Thc total amount of fluctuation, referred to as TMR (for Lraci\:
mis-registration), dcﬁhcs a relevant scale (or judging the required accuracy of

scrvopattern placement. If servopatlern crrors are roughly equal to or greater than the

¥
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TMR then a substantial fraction of the track spacing margin will bc”feciuir'ed ‘as
compensation, Icading toa reduction in total disk file data capacity. Once the
servopattern placement errors are less than about half the TMR, however, further
reduction does.nol provide much improvement in total data capacity. The random
mechanical motion that results_when a very low bandwidth 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 self propagation would result’in unacceptably large

€rrors.

Self-propagation patterns consist of bursts of transitions Tocated at intervals around the
disk surfacé. The edges of the bursts comprise a sct of points that define a track shape
that the servo controller will attempt to. follow on the next step of the process. Thus,
errors 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 servo off the edges of the bursts. Sensing this non-circular trajectory during
. the next burst writing step, the servo co'nt-rollcr moves the actuator in an atiempt to
foflow it. This causcs the new bursts to be written at locations that reflect (via the
closed-loop responsc of the servo loop) the crrors that werc present on the preceding step.
together with a.dditional crrors arising during the present step.  Each additional step in
the process thercfore carrics forth a “memory” of all preceding track shape crrors. This
“memory” depends on the detailed closed-loop response of the the scrvo loop. Effects
that result in track shape crrors include random mechanical motion as well as
modulation in the width of the written l!'ack thﬁt may comc from variations in the
propertics of the recording medium or in the flying height of the transducer. Thesc
modulation cffects are Lypically small comparcd to the total data track width but are

often very repeatable from track Lo track and can grow to very substantial levels if

1
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compounded repcatedly. Uncontrolled growth of such errors can lead to cxcessive
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 propagation bursts. It'is unlikely that track width
modulation largc 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 prcliminary step in their process is
to reject all disk files having cxcessive on-track modulation. 1t is more likely that, in  /
accordance with our cxpcricnce§ and detailed analysis, intrinsic width modulation
tyﬁically appears at the level of :onl_v a ﬁcw percent of the track width, but grows through
error compounding o much larger levels. Tt is also clear that a signal that is discernible
in the position crror signal of a high ga'in servo foop is indicative of an underlying track
shapc error thal is Tar greater than the error signal itself. This follows from the lact that
the position crror signal is mercly the residual part of the underlying track shape error
that the scrvo loop was unablc Lo follow. The procedure of adjusting Lhe targel '

amplitudes whilc track following so as Lo smooth the position error signal is one in
which the underlying track shape crror is mercly hiddcn, uol climinatcd. Bclow, wc-.
show that the detailed response of the servo loop is critical to understanding the problem
of error compounding. Adjustments of the target amplitudes as described by Cribbs ct
_ al. may work to limil error growth with some Lypes of scrvo loaps, but since no

L 1
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spccification of servo response is given, the issuc is left to chance, Even if the smoothing
were 10 work, the solution is unattractive in that threc extra revolutions of the disk arc
required at each step in the process. This doubles the scrvowrite 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 mechanical motion can be Jowered through the use of a high gain SeTvo foop,
but this leads to error compounding. A method for reducing servowriting errors arising
from random mechanical motion to levels below that of the opcrating.file TMR is _hiéhly
desireable. As described above, scrvopa.ttcrn errors larger than this increase the
required space between data tracks, hence they result in Jower disk file capacity. None
of the prior art teachcs about the problem of random mechanical motion resulting in
reduced disk file capacity, or the relationship between random mechanical motion and

crror compounding, or even about error compounding by itself.
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Summary of the Invention

It is a principal object of the presenf invention to provide a mcthod by which
scif-propagated servopattern track shapc errors can be képt from growing during the
scif-servowriting process. -

It is another object of the present invention to provide a method by which the
unavoidable random errors duc to mechanical motion of the rccording trénsd ucer during
the servowrite process can be effectivcly cancclled in their ef fects upoﬁ the final produgl
servopattern, thereby resulting in higher accuracy track shape definition than any other

method of servowriting.

i
Another object of the present invention is to provide a mcthod to compensate for
i .
misalignment of the read and write clements of 2 dual-clement recording transducer so
thal a desired track spacing may be cstablished and maintained through the

sclf-propagation process.

A further object of the present invention is to kecp the servowriting time as short as
possible thereby lowering cost.

A preferred crabodiment of the present invcnli'cm compriscs a disk drive with its .
associaled clectronics for writing and rcading magnctic transitions and its actuator for
positioning the head at any radial position together with timing circuitry for controlling
the reading and writing in specific scctors on the digk, a patiern gencrator for producing '

wrile data for propagation bursts and product servopatterns, a time delay unit for

¥
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making fine adjustments in relative timing of the write data, an1plitﬁdc detection
circuitry for measuring the readback ampli.tuclc of written transitions, a memory for
storing various quantilies such as the measured values of the readback amplitudes and
rcference track values, a divider for normalizing instantancous rcadback amplitudes by
their corresponding original full-track amplitudcs, a microprocessor sequence controller
and a servo controller havjng variable control paramecters to allow rapid stepping and
settling foliowed by a special form of control during the write process that limits the
growth bf track shape errors while substantially rejecting mechanical disturbances. The
disk file servopattern demodulation circuitry comprises part of this embodiment in that
it is made compatible with the random error cancéllation technique applied to the .

written servopattern.

In contrast to carlier proposed techniques, the préscnt invention uses a high gain scrvo
(with response at frequencics substantially higher than the rotation frequency) during
the stepping, settling, and writing'of the radial positioning bursts. This provides
advantages in that TMR is reduccd (lu_fil.l.g, writing, and the scttle out process is more

rapid.

A problem with using a higher bandwidth servo loop that is avoided in the present
invention is that track shape errors that occur during the writi’ng of onc sct of bursts arc
followed during the writing of the next sct of bursts thereby causing the crrors to add
up {rom step to slep. A particularly bad form of track shape crror arises from .
systematic modulation in the ;\'idth of the track around the disk. This can arisc from
variations in fly-hecight or recording medium properties and can be very repeatable over
large numbers of tracks. 'An idcal servo loop will closcly follow the burst cdges and the

track shape crrors will grow lincarly with the number of steps propagated. Thus, cven
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This Sheet Has Been Replaced

AR




-1)’

18

a tiny amount of width modulation will grow to unmanageable levels. The track to
track variation in shapc remains low but the overail track non-circularity eventually
becomes excessive. For real servo loops such as typica'l disk file track fdllo:ving Servo
loops, the response to changes in position signals (given by the closed loop responsc)
exceeds unity throughout a range of frequencies (and involves phasc shifts as well).
Errors in track shape corresponding to frequencics at which the magnitude of the closed
loop responsc exceeds unity will be amplified on subscquent tracks leading to
exponential growth of track shape errors. This exponential growth occurs for both
systematic (suéll as write width modulation) and random errors (as from TMR). Thus,
the servo closed loop responsc corresponds to a step-to-step amplification factor. One
solution to this problem provided by the present invention involves using servo loop
paramcters that make the magnitude of the closed loop response less than unity at
frequencics equal to integer mull_tiples of the rotation frequency. Constraining the servo
loop transfer function in this way limits the growth of errors (both systematic and
random) to finitc [evels. Aside from this constraint the closed loop response may be
adjusted to provide substantial 1:c<iucli<)p~in TMR and fairly rapid step and settle
performance. Multiplcs. of the rotation 'ﬁ'équcncy arc of primary concern becausc once
an crror is recorded as a track shape on the disk it appcars on rcadback as a repecatable
wavcform having nonzero Fouricr components only at intcger multiples of the repeat

frcquency.

Aunother as'pcct of this invention extends and improves upon tliis concept of step to step
amplification factor coutrol by using the posﬁion error signal recorded during the wri.tc
process to adjust Lhe reference signal of the servo loop. The use of this dynamic position
information about crrors in the placement of bursts as they are written allows one Lo

reduce the cffective step-to-sicp crror amplification factor to less than unity even if the

———
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closcd loop response itsell exceeds unity. The provides the capability of using extremely

high-gain scrvo parameters to achieve very low TMR during writes.

Yet another aspect of this invention involves a further use of the position error signal
recorded during fthc write process to dynamical'ly correct for position errors as they are
being writlen in the ultimate product servopattern. This requires that the written
setvopattern have the property that it can bc modulated: iﬁ a controllable way. The -
technique involves applying timing shifts to eithcr an amplitude burst or phase encoded

servopatterns to accomplish this canccllation of written-in radijal position errors.

I

A similar correction must be applicd to the amplitude burst propagation pattern in order
to prevent the propagation servo loop {rom attempfing to follow the track shape crror
on the next step (which would then result in an image of it being transferred to the
praduct servopattern, i.g:. it would mercly appear onc step later). The correction can
be applied t!o the amplitude burst propagation pattern simply by modifying the reference
amplitude valucs uscd by the scrvo Iooﬁ (rcfcrréd to as target valucs by Cribbs et al.)
before stepping o reflect the. position crror signal as detected during the write. By
pre-compensating Lthe reference amplitudes to account for the known position error
during the write, the Scrvo loop will register no error as it {ollows a smooth trajectory.
This bears a superficial resemblance to the serve error smoothing refincment described
by Cribbs ct al. but differs in both form and funclion in ways that shall be madc
apparent in the following discussion. The advantage provided by this error canceliatjon

is that paticrns servowritlen in this way will have greatly reduced random shape crrors

from track to track.

This Sheet Has Been Reilaced
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Thus in accordance with the invention a method for servowriting a rbtating‘disk in a
disk drive including a head for interécting with said disk, an actuator for positioning the
hcad radially with respect to said disk, means for causing said head to write on and read
information from said disk, and a servo loop for positioning said actuator in accordance
with servo position information rcad from said disk, comprises the steps of writing a
series of first patterns along a track; displacing the head a known fractién of a track to
a displaced position; reading {rom selected ones of said first pa'ttems, position
information for detcrmining deviation information representative of deviation of said
head from sai'd known fracfion, and using said deviation information to propagate
“second patterhs at said displaced position with said devialion information encoded _'in

said second patterns.

Thc.invcntion is also directed to a method for propagating a pattern in a disk drive

having a rotaling disk, a head for inlcracting with said disk and means for positioning
said head radially with respect to said disk comprises the steps of:

a. writing first patterns on a first track; )

b. réading and storing amplitudés of selccted oncs of said first patterns to thereby store

selecied amplitudcs; - |

c. moving said head a fraction of a track width and writing second patterns

corresponding Lo said sclected [irst patllerns;

d. repeating step ¢, n times for successive moves of said head until said hecad rcaches a

scleeled ra.dial positi_on and wrilcs additional patierns;

€. positioning said head at an intermediate position between said first track and said"

selected radial position;

{. computing a first ratio of amplitudes of said first patlerns with said head at said

intermediale position to said sclecled stored amplitudes;

This Sheet. Has Been. Repla
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g. computing a sccond ratio of amplitudes of said additional patterns when said h-cad is
at said intermediate position to amplitudes with said head at said selected position;

h. repetitively repositionfng said head and repeating steps f and g at each position until
said ratios are substantially equal; |

i. comparing said ratio to a -desircd value 10 dctermine a deviation from said desired
value; and

j- adjusting spacing between the writing of successive patterns so that said deviation is
minimized on subsequent repetitions of steps a - i.

This method is particularly useful when the head has separate read and write elements.

I3
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I?cscription of the Drawings

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

present invention.

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

sectors and propagation bursts.

.

Figurc 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 process for computing propagation parameters.

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

_ bursts with respect 10 a desired Lrack.

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

shown in figurc 4A arc combined to form a position crror signal.
Figurc § is a flow diagram illustrating the basic process steps for an alternative
embodiment of the present invention wilh many of the process steps being the same as

in figure 3.

Figure 6A is a plot of the magnitudc of the closed loop servo response for a PID scrvo

“control loop having parameler values that result in the closed loop response being less

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

.
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Figure 6B is a plot of the magnitude of the closed loop servo response for a PID servq'
control loop having paramcter values that result in the closcd loop response being

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

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

track corresponds to propagation steb 60.

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

i
track corresponds to propagation step 60.

3 3 - - & . L3 - -
Figure 8A is an cnlarged, schematic diagram of a recording transducer in which the rcad

and wrilc clements arc at separale positions.

Figurc 8B is an idcalized plot of the normalized rcadback amplitude versus off-track
position that would be obtained for a rccording transducer such as that shown in figure

8A.

Figurc 9 is a diagram showing the locations of the various propagation bursts in rclation
to uscr data tracks and showing a read clemcent positioned such that it yiclds equal

rcadback amplitudes for an A and a D propagalion burst.
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Figurc 10A is a plot of the nominal average refcrence value versus propagation step
number obtained for a sclf-propagation cxperiment using a rccording transducer having
separate read and write elements as shown in figure 8A in which adjustments to the

" nominal average refercnce value werc made. by périodically backing up ana meas:iring

the average relative burst amplitude at the A=D servo lpositi'on.

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. .

Figure 1A is a diagram illustrating the relative locations of A and B burstsin a
two-hurst amplitude servopattern together with the sector [D ficld and showing the read

clement cenlered on the data track location.

Figures 11B to [IF illustrate the various signal wavcforms associated with the gétcd

intcgrator type of product servopatiern demodulator.

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

integrator type of pattern demodulator.

Figurc 13A illustrates the same features as figure 1A for a two-burst amplitude
scrvopattern but with the A burst displaced radially as occurs {or writlen-in TMR

Crrors. . -

Figures {33 to 13F fllustratc the same signal wavcforms as in ﬁgurés 11B to {1F but for

_ the crroncous scrvopaltem burst location of figurc 13A. .




Dectailcd Description of the Preferred Embodimcn;s

Figurc 1 shows the major compohents of a preferred cmbodiment of the present
invention. A disk drive 20 with its recording transduccr 22, voice coil actuator 24,
recording medium 26, servopaittern demodulatbr 27, and read/write control elcctronics
28, is connected to a time delay unit 31 in series with a pattern gencrator 30, which is
clocked by a timing controller 32 that alfows bursts of magnetic transitions to be
recorded at precisely controlled times. For the pucposes of radial self-propagation burst
writin.g and detection, the timing controller can be a unit such as the Am9_513A system
timing controllcr_manufacturéd by Advanced Micro Devices Cbrporation of Sunnyvale
California that is simply synchronized to a once per revoluiion index timing mark, but
it is undersiood that the wnlmg of actual product scrvopatterns requires much tighter
.tlmmg control, parttcularly when wntmg the servo identification fields and whenever -
writing phase cncodcd scrvo patterns. Mcthods for achicving such precise timing control
using Lhe internal disk filc recording'tra‘nsduccr, in a manner consistent with
self-propagation arc described in the rclated U.S. .Patcnt Application Serial

No.087028,044.

A r_cadback signal from a file rcad/fwrile cleclronics circuit 28 is connected to an
amplitude demodulator circuit 34 the output of which is converted to digital form by an
analog Lo digital converier (ADC) 36 at times determined by liming controller 32 acling
in concerl with a microprocessor sequence controlier 33. Scquence controfler 33 also |
accésscs a memory 38 for storage and retricval of digitized rcadback amplitudes used
by a divider 40. Scquence controller 33 with memory 38 also provide for the'storage and

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

.
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signal (PES) that serves as the input o a digital serve controller 44. Si:q ucnce-controller
33 also provides computatidn capabilities for general usc in determining modifications
to the stored reference 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 dfgital gervo controller 44 is converted to analog form by a digital to

analog converter (DAC) 46, and i$ further amplified and converted to a current by a

- VCM driver 48. The driver current is applied to.voice coil actuator 24 in the disk file

causing recording transducer 22 to move approximately radially with respect to
recording medium 26. In onc embodiment, the functions of divider 40, subtracter 42,
and digital servo controller 44 are all achieved thrdugh the appropriatc 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, 112, 113, etc. as well as a division of eaqh

" track into a number of sectors, with a first sector 101 typically coming immediately after

the disk rotation indcx as determined eit_h'cér by an index pulse from the disk spindic
motor driver or from the timing controller. Each scctor is further divided into a region
103 conlaini_ng the amplitude bursts for 'propagation and a rcgion 104, which is reserved
for the usc of the precision timing propagation system and for writing the actual product
scrvopatiern incl_uding scctor 1D ficlds a.nd cither amplitude burst or phasc encoded
patterns. In onc embodiment of this system propagation burst arcas 103 will be

overwrillen with user data following servowriting. All of region 104 except for the part

-

containing the product servopattern will also be overwritten with user data. Each

propagation burst region is further divided into a number of slots 105 - 110 within which

" the amplitude burst patterns (A,B,C,D,E, and F) for propagation are writien. In this

figure, the propagation track pitch is shown as onc quarter of the assigned data track
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width. For example, if the first uscr data traek is chosen to be ccntc;'cd on p’l"opz;gatfon
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; ti'fc data track pitch is chosen to be slightly largf.:r_.
than the transducer write width so the cdges of adjacent data tracks do not overlap.
Tlﬁs can be seen in Fig'ure 2.by noting the relative radial locations of B and F bursts
since these correspond to the abm}c mentioned choices of data tracks centered on

propagation tracks 112 and 116 respectively.

The propagation i)urst pattern shown consists of a repeating sequence of 6 bursts. This
is useful becal.xse the bursts in each siot do not overlap along the radial direction thereby
allowing the r;:cording transducer'to back up and read previously writlen bursts. Such
a process can‘be used to check the spacing of the propagation tracks relative to the
recording transducer width without having to propagate c6n1plctcly across a disk
surface. This is dqscribcd in more detail fater. The minimum number of slots required

for propagation without such checking is 2.

A typical number of scctors is 120 and a typical disk rotation rate is 5400 rpm, giving
aboul 92 microseconds per scclor. A typical slot time is 7 microseconds. This is longer.
than the typical amplitude burst duration used in a product servopaticrn (1

’ : .
microsecond) but there is no loss of user data space with expanded propagation bursts
since they will be overwritten later. An advantage of longer bursts is that they allow
more filtering time to be used during demodulation resulting ina higher signal to noise
ratio which simplifics some of the digital scrvo loop computation, particulaﬂy with
regard to determining derivative or velocity related scrvo terms. Shorter burst times

s
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“could be used if more time is necded for timing marks and product servopattern writing

in rcgions 104.

Referring to the flow diagram of Figure 3, the iterative scl-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 pushed 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 first por.tion' of the product servopattern is
written within region 104 of each sector together with the precision tilning marks. These
may, for example, accupy 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 scrvopattern in time succession throughout region 104
by switching the write electronics to sclect each recording transducer in turn (it is usval
for cach recording-surface to have its own' recording transducer, all of which move
together on a singlc actuator). This first revolution in the process is referred to as a write

revolution.

On the next revolution of the disk, referred to as a normalization revolution and shown
as slep 34 in Figurce 3, scquence coatrolier 33 signals ADC 36 to sample and digilize

the demodulated rcadback amplitude during the first slot of cach scctor and records

"

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

After all scctors have been read in the normalization revolution but before the first

propagation burst region 103 of the next revolution the parameters used in the servo

*
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control voltage calculation are sct equal to predetermined valucs refcrred to as step
parameters that provide rapid motion and seitling, that is the gain and bandwidth are
high. This is shown as step 136 in Figurc 3. As an cxamplc, scrvo parametcrs similar

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

On the niext revolution of the disk, referred to as a step revolution and shown as step
1'38,.sequencc controfler 33 steps through the stored normalization table sector by sector,
routing cach value to divider 40. A reference track table in the memory has chen
pre-recorded with initial reference [evels 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 rccording transducer 22 reaches the end of
each fln‘opagat.ion burst region 103, the output of subtracter 42 contains a number equal
to the reference track table cntry for that sector minus the amplitude of the préc_eding
A burst divided by the stored nqrmalization table value. This is the position error signal
or PES. At this time, sequence controller 33 signals digital servo coqtrollci‘ 44 to read
the PES and compule a new control voitagc sciting. This control voltage is adjusted by
the servo controlicr afler ¢ach scctbr,t(f drive acluat(;r 24 in a dircction (liat reduccs the

PES,.i.c. toward propagation track 112.

Once actu,amr 24 thas sctiled onto the desired location for propagation track 112
(typically in about | quarter of a disk revolution) the paramelers of the scrvo control
voltage calculation arc chaﬁgcd to another sct of special predetermined values referred
Lo as propagation pﬁramctcrs that are tailored to provide rejection of mechanical
disturbances without amplification of track shape criors. The manner in which these

valucs arc determined is described below. Even though the step to the next propagation -

*
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track takes fess than a full revolution, it simplifics matters to allow the revolution to
complete befare wriling the next set of bursts. In onc cmbodiment, this change in servo
pararﬁctcrs is done gradually with the propagation parameters being reached only at the
end of the stép revolution. In Figurc 3 this process of setting the servo to have the
propagation paramcters is shown following step revolution 138, and is relerred to as a

step 140.

At this point only a single propagation track has been written so the resuit 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 prdduct servopattern is
necessarily neéative and the process returns to a write revolution 132. In this second
write revolution 132, the sequence controllcr 33 signals paticrn generator 30 to write
bursts of transitions, B in the second slot of each scctor. As before, precisi.on timing
marks and product servopatterns are also writlen in rcgions 104 on the sathe recording
sur.'l‘acc and just product scrvopatterns on the remaining recording surfaces. Throughout
this write 1_'cvoh.|Lion, ADC 36 continucs ('I'igit'izing the A bursts and scrvo conlroller 44
maintains actualor 24 in a position. sucf.l that transducer 22 stays clase to the desired
location of track 112. Each individual PES rcading is uscd (o adjust timing delay unit
31.in a manner that modulates the product scrvopa(tlcrn as it is being writtcn during the
adjacent region (04 of the disk. Details of this modulation arc described later.
Additionally, the PES valucs duriﬁg the write revolution are recorded in a table in
memory 38 for usc later in calculatling new reference track values. In one cmbodiment, '
digital fillering calculatiéns arc performed on the PES values as they come in :

. sector-by-sector, resulting in completed computation of Miliering cocfTicient values by the

cnd of the wrile revolution.
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The ncxt revolution is a normalization revolution, step 134, in whiéh ADC 36 digitizes
Both the A and B bust amplitudes, storing the B burst amplitudes in a B burst
normalizatfon table, while the servo loop contindcs to track follow using PES values
computed from the A burst amplitudes, the A burst norfnaliiation table values, and the
stored refercnce tfack values. A new rcfcrcnée track table is also computed_during_this
revolution. Each new reference tréck table value is sct cqual to a nominal average
referehce level detcrmined previously to be appropriate for the desired average track
spacing in this region of the disk plus a correction value. In one embodiment: the-
correction value is equal 10 a predetermined fraction, f, calied 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 rccox;ded PES
valucs from the preceding write revolution. Some of this filtering computation may be
accomplished during the write revolution so that the rcmaindcr may casily be completed
for cach reference table value irg the time available between scctors. Details of the
algorithms arc described later. It is convenient to replace cach rcference track table
value just after it is used for the cmnpu'lation of a control voltage. In this way, the servo
reference (rack fablc during the normalization revolution is utilized with its previous
valucs but cnds up conlaining its new valucs in preparation for the upcoming step

revolution.

Switching Lo the B bursts for PES computations, the process repeats, and transducer 22
steps to the next propagation track, step 138, followed by a write revolution, step 132,
in which C bursls,-liming marks and product servopatierns are wrillen, followed by a

normalization revolution, step 134, in which the C bursts are rcad back and stored in a

]



32

normalization tablc. This continucs (with A bursts following F bursts) until the desired
number of data tracks is reached as determincd by a yes answer to decision step 142 and

the process stops in a step 144.

In this system, disturbanccs that cause the actuator (o deviate from the idcal
propagation track (TMR) result in mis-positioncd write bursts. Subsequent readback
of such b'ursts‘at the next propagation track location results in a modulated gosition
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
recording transducer reads back a relative amplitude R for the properly ﬁ()sitioncd
burst. S-ince this is the desired location, this relative amplitude equals the reference track
value, resulting in zero PES. The mis-positioned burst has its edge shifted from the
desired propagation track location by an amotnt E rclative to the width of the
transducer rcsulting in a relative feadhack signal equal to R+E. Sincc E is dﬁtermincd
by the location of the burst edge, changgs.in the width of writlten bursts is another source

of crror that produces cffects similar to TMR.

Figurc 4B is a block diagram showing how the clements of the present invention may
be combined to form the standard components of a scrvo loop as illcy are gencrally
known in the arl of scr\.'o-cnginccring_. as described for cxample in the book "Modern
Control Engincering” by K. Ogata published by Prentiss- Hall corporation of Englewaqod
Cliffs New Jersey, where terms arc defined. The loop controller 150 is compriscd nl"'
digital servo controllér 44, DAC 46, and YCM driver 48. The "plant” .l 52 is defined as
comprising actuator 24 and rccording transducer 22. The plant output X represents the

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

)
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scif=propagation, the only obscervable signal is the position of transd ucér 22 relative to
recording medium 26 but it is useful Lo consider the ébsolu Le position X for the purposes
of analysis of servo loop performance. A foop summing point 156 is explicitly included
to account for the rclative nature of the observed position sigﬁal. Thus the observed
position signal equals the sum of the absolute position X and the burst position error
E. This signal X +E is combined at a standard loop rcference summing point 154 with
the reference track value R to form the position error signal or PES In usual fashion
the sign shown next to the .'mcoming arrows at a summing point represents a :sign factor

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

The net effect of the written burst location errors is to produce a non-circular trajectory
that the scrvo loop aiiempis Lo follow, hence the errors act as an additional reference
signaL The response to this trajectory is given by the closcd loop response. Normally,
it is dcsired 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 infinitcly stiff against
disturbances. In reality, only a finite controlier gain can be vsed, and it must be
frequency dependent Lo avoid lodp inﬂhbility arising. from unavoidable phasc shills
(positive feedback). [n typical servo loop applications, including disk file actuator
servos, the primary performance objective is Lo provide optimal rcjection of mechanical
disturbances within the constraints of a finitc sampling ratc, and the resulting closed
loop rcspm;se rises significantly above unity (1.5 or more) over a fairly broad range of
frequencics. . No drastic consequences arise from this during disk file operation. In tlllte
present situation, however, the response to a non-circular Lrajeclory al a given

' yropagalidn- track is reproduccd in the writing of the next propagation track, and that

response is reproduced yet again on the next propagation track. The closed loop

1
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responsc corresponds to a step-to-step errar amplification factor, so that an crror at one
propagation track appears N propagation tracks later multiplied by the closed lbop
response raised to the Nth power. Thus, if the magnitude of the closed loclp responsc
excceds unity any error will grow indefinitely. If the closed loop response is fess than
unity, crrors are compounded, but the cffect 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 yiclzis n=100.
.Systematic errors such as written track width modulation will therefore grow by a factor
- of 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. éincc written track width modulation
is only a few percent effect,.a substantial growth can be toleraled without exceeding llﬂc
absolute circularity lirhit-of roughly one track spacing.
Viewed as a time waveform, the. written burst location error trajectory is a perfectly
repetitive function with a repeat ﬁ'cqucr_\c._v cqual to the rotation frequency of the disk.
A pf‘inciplc ol Fouricr analysis is that any such repetitive waveform has a frequency
speclrum containing non-zero nmplitudés only at thc. discrete sct of frequencics
.corresponding to integer multiplcs of the repeatl frequency, in this case Lhe disk rotation
frequency. Thus, the relevant frequencics at which the closed loop response must be
kept below unity arc all integral multipies of the disk rotation frequency. As a frequency

dependent quantity, the closed loop responsc C is aclually a vector of complex numbers
having both a magunitude and a phase, with each clement of the vector corresponding o
a particular multiplc of the rotation frequency. It is the magnitude of cach clement of

the vector that must be less than unity. |
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Choosing the servo loop parameters to cnsure that the closed loop rt;-sponsc i$ lcss than
unity during writing is a simple method that provides a substantial reduction in random
. mechanical motion while ensuring that error growth is bounded. The inclusion of .
reference track tablc correction values computed during the normalization revolution,
step 134, alters the situation. In one embodiment described above, each new reference
track tabic valuc is sct equal to a nominal average reference level plus a predetecrmined
fraétion, f of the previously recorded PES value for the corresponding sector obtained
during the write re_volution. In this case the step-to-step error amplification E‘aétor (or
just step factor), S no fonger eqﬁals just the closed loop response, C but contains an
édditional term equal to f(1-C). Th_us it is the combination S =C+{(1-C) that must

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

In this particular embodiment, the set of .rc('crc.nce table corrections are computed by
taking a fraction f of the PES values recorded during the write revolution. This is
rela.u'vc!y straightforward since it utilizes the PES readings directly as a time waveform.
In the above formula, S, like C, is a vecto.r of complex-valued elements, while the factor
f, being frequency independent and conlaining no phase shifts, is a single, real-valucd
term. As such, it is not possible to find an f that resulls in the magnitude of cvery
clement of the vector S being. less than unity, except for special cases such as when the
clements of C arc all >1 or all <1. Thus, the time-domain approach to reference table
corrcclion can be vseful in certain circumstances and offers Lhe virtue of simplicity but
docs not r;rovidc a gcnci.'al capability of ensuring bounded crror growth together with

high gain scrvo performance in which the magnitude of C cxceeds unity at some, but

not ail frequencics.



As illustrated in Figure 3A, an alternative embodiment that doc—:s'pro(/ide this gencral
capability is one in which the vector of PES Valu;s recorded during the write revolution
is trcated as a repctitive time waveform and is digitally filtered to produce the reference
table correction values. This is cquivalent to generalizing the factor f, such that it also
becomes a vector with complex-valued clements. Many possibilities 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 discrete 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 f). Then, as represented at step

164, the translorm is inverted using the scaled cocfTicicnts to produce a filtered time

waveform. Finally, as illustrated at step 1 66, the new reference track table valucs are
compuled by adding this filtered waveform to the nominal average reference level. A
description of the discrete Fouricr transform and the lormulac associated with it can be

found in “The Elcctrical Engincé:r_ing Handbook” published by CRC Press of Boca

- Raton, Florida.

Rapid and clficicnt computation algori.thms such as the Fast Fourier Transform may
be used to perform the requisite calculations, 'blut in practice it is found that only a
limiled number of frequency cocfficients, corresponding (o perhaps as many as the first
6 or & multiples of the rotation frequency, arc usually required. To ensurc bounded
crror growth, only (requencies at which the magnitude of the closed loop response

exceeds unity need to be included. The factor [ can equal zero for other frequencics, and

corresponds Lo simply truncating the Fourier scries transformations.
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The compulation of Fouricr serics cocfficicnts involves summing the PES_ valués times
sinc and cosine table valucs. Using a standard microprocessor such as an Intel
486DX-66, the computation time for 6 frequcncy'componcnts takes only about 12
microscconds per clement in the PES vector and is easily accomplished in the time
available bctween sectors during the wrile revolution itsclf, as described earlier. An

- additional time of 16 microseconds suffices to scalc the coefTicients 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—sect;)r during

the normalization revolution, as described earlier.

2

The filtering technique described above allows one 1o sct specific values for the elements
of S. The closed loop response can be adjusted by means of the servo parameters o

- provide a desired fevel of mechanical disturbance rejection, then the appropriate values
for f can be computed using the formula f=(S-C)/(1-C). Unbounded growth of errors
is a.voidcd by kecping 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
write width modillatkm, the error in track shape levels off at a value equal to Lhc. base
writc width modulation times (1 +C~Sji( £-S), where the basc write width madulation is
the amount of Lrack width modulation that occurrs at cach write step. Tﬁc net track
shapc crror is therefore very large if S is closc to 1. Canversely, the cumulative eflect of
random mechanical motion is magn'iﬁcd if the step lactor is chosen Lo be nearly zero,
cspccially'ir C is close td L. This occurs because the factor [ itsclf becomes very large il
Cisclose Lo 1. A particular choi¢c of § that is found to give cxceltent results with lh_.é
disk files studicd so far is 0.9. This reflects the fact that it is more imporlant to keep

random ervors small than it is to maintain absolute circularity of the tracks. Other

choices of step Taclor S, including complex-valued oncs, may prove to be optimum

L
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depending on the details of the disk file heads, recording media, and mechanical

properties.

As described so far, the correction terms uscd to computc new rcfercnce.track table
valucs involve only the PES waveform recorded during the write revolution. Other
information that is available prior to stepping may also be included, such as o
accumulations of previous PES waveforms or ecven the PES wavcform from the
normalization revolution. Improved performance with regard 10 net track shape error
and random track-to-track error may be achievable through morc complex algorithms
involving these additional terms. The essential feature of the present invention is that
corrcctions 1o 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 < < [ at all (requcncies equal (o or greater than the
disk rotation frequency. As shown in Figure 4 of the servo loop the PES = R-(X +E).
The plant motion X duc to the loop is given by (R-E)}(CL/1 + CL), which for CL < <

1 is approximately zero and the PES becomes R-E, or the track <hape crror. In praclice
the PES will have Lo be averaged over several revolutions of the disk due to random
noise on the PES resulting from mechanical disturbances which are now present duc to

the very low rcjection by the servo loop. However, once E is measured the reference can

be updated and the track crror can be removed. _ .

With a typical disk filc rcqui'ring many l}musands of steps to servowrile, controlling the
growth of crrors is critical. An important feature of the present invention is the
recognition of this phcnomenon as being duc (o these special propertics of scrvo loops
as appl.icd to a repetitive sclf-propagation process and the identification of specific

*
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remcdics in the adjustment of the scrvo loop para-mctcrs to producc a-clcsircd ¢losed loop
response coupled with digital filtering of the PES rccorded during the write revolution
to compute corrections to the reference track .tablc values such that the step factor does
not excced unity at any relevant frequency. The utility of this specification arises from
the fact that very substantial rejectio‘n 6f mechanical disturbances can be achieved
within this constraint, while not requiring extra proccssing timc such as averaging
signals over multiplc extra revolutions of the disk. Even more importantly, this
specification clearly delineates the operatiﬁg regime under which stable self—p}opagétion

is guarantecd, thereby ensuring a robust servowriting process.

Figure 5 shows a flow diagram illustrating another embodiment in which, in accordance
;?Vith the principles of the present invention, the writing of the product servopattern and
oplionally thc timing marks may be changed to occu;' during the normalization
revolution rather than the write revolution as descritfed 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 rrt"_ar.:i( and product servopattern wriling to a
madificd normalization revolution 134A decouples this opération from the writing of the
propagalion bursts during a modificd wrile revolution 132A. Since the problem of error
compounding requires special propagation parameters for the servo loop only during the
wriling of the propagation bursts, this decoupling makes it possiblc to use much hfghcr
gains during thc writing of the product servopatterns and timing marks. In parLiculér
the par:m;cl.crs may result in a closcd loop response substantially grcatcr. than unity over
a range of frequencics including multiples of the disk rotation frequency. This is ]
ac:cumplis‘hcd in a new process step 133 in which, the servo parameters are set cqual to
s_pccia-l prcdctcrininéd valucs that arc .lailm'cd '_lu' provide fow TMR. These paramelers

would be delermined in a manner similar 1o that used in sctting up the servo for actual

»
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disk file o-pcration, i.c. the gain and bandwidth 'Would' be as high as po.ssible' consistent
with avoiding loop instability duc to frequeﬁcy dependent phase shifts and a‘ﬁnitc
sampling rate as described above. A number of factors that would be recognized by
those skilled in tﬁc art. of electrical design and servo control systems may gllow
substantially lower TMR to be achicved during process step 134/-\ than is possible in the
" actwal file operation. These factors include for t_:xample, the improved signal to noise
ratio achieved by usiné refatively léng duration servo bursts, and the po_ssibility of using
more cxpensive elcctronic compohems such as ADC 36; DAC 46, and VCM’d-river 43
in a servowriter cmbodiment that is designed to be external to the product disk file. The
redui:cd TMR during these operations results in lower random track to.track errors ﬁnd
reduces the amount of random fluctuation in the amplitude of the readback signal from
the timing marks as well. The latter effecl will reduce the incidence of errors in the

precision timing gencration system of the self-servowriting system.

Also shown in Figure $ is an optional cxtra revolution step 135, that brovidcs extra 'timc
for the writing of product servopatterns. .:This has a disadvantage of incrcasing
servowrile time but may be necessary if a large number of disk surfaces arc present

~ within thic disk file and the rcgiuns'I(M. dedicated to timing marks and product '
scrvopatterns are too short to allow product servopatierns to be written on all surfaces.
As in the abuove discussion, il is advanlageous lo usc higher servo gains during this cxtra
revolution to takc advantage of the lower TMR. The decoupling of the product.
servopattern and timing mark wriling can also bc accomplished by adding an'extra -
revolution dedicated to jusf this process rather than combining it with the nnrmaliza{ion
prnccdur;:. In an embodiment incorporating digitally filtered PES correction terms
added to the servo reference it is possible to achieve reduced TMR performance at all

times. This climinalcs some of the motivation for decoupling the product servopaticrn
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writing from that of the radial propagation burst writing, but the altcrnative”

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

In a particular embodiment a PID (proportional, integral, dcrivative) type of servo loop
was implcmented using a personal computer together with a commerc.ially available data
acquisition plug-in board containing timing control circuitry, an 'ADc; and a DAC.
Together with an amplitude demodulator, a'VCM'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 cn_codedservo patlern generator controlled by an additional
computér) was carried oul using various servo loop parameters. Such a system is
suilable for use as an ;xitcrnal servowriting system (o be attached to the disk files _
through a{n electrical connector,:'but il is conceivable that the circuitry can be reduced
to just a few intcgrated circuits to be im'_:llll.(led in cvery disk file for complcte stand-alonc

scll-servowriting.

In this servo foop, the control voltage cquals the sum of 1) a proportional gain factor
times the PES; 2) an inlegral gain factor limes the sum of all prcvio-us PES rcadings; 3)
a derivative gain factor times the difference between the present PES and the PES from
the preceding scctor. These three gain laclors are the servo paramelers that allow |
adjustment of the servo closcd loop responsc (the ratio of the position. signal rc_:sponsé to
a reference level modulation at a gi\fen frequency). The closcd loop responsc at any

frequency can be delcimined by applying a knowa reference level modulation at that

frequency while measuring the position signal responsc at the same {requency. This can

-




42

be accomplished without extra circuitry since the computer that func;tions as the digital
servo controller has access to the real time position signal and has the capability of
substituting sinusoidally modulated refcrence 1able values; By Fourier tragsforming a
serics of position signal readings obtained while applying a predetermined reference

ta blé modulatioﬁ, the m#gnitude and phase of the rcsponSc can be determined. This
rirocess can be carried out with a representative disk file using various combinations of
.ser\'o 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 t_ogether with
moderate integral gain and low proportional gain. ‘ Not all multiples of the rotation -
frequency actually need to be checked, anly thosc lying near thg: peai( of the response
curve. Typically only frequencies up to about 5 times the rotation frequency are
relevant. Also, relatively large changcs in servo parametcf values produce only
moderate changes in the closed loop re'sponse, s0 a broad range of suitable paramelers
exist that provide both low TMR= and a closed loop response less than unity.: This makes
finding good parameclers fairly easy, and allows breathing room for variatio_ns {from filc

to file in such paramecters as head width that.can cffectively change the scrvo gains.

Alternatively, standard methods of scrve loop analysis can be used to calculate the
closed loop response from a knowlcdgé of the controlicr gains along with a modcl of the
actuator dynamics. For (he test system the calculated results closely match thc'rcs;mn'sc.
data mcasu'rcd in the manner described above. The calculated transfer [ u'nclions for two
diffcrent scts of propagation paramclcré that were uscd in different tests of the syslcu;\
arc shown in Figs. 6A and 6B. The dots are included to highlight the ﬁrst few multiples

af the disk rotation frequency. In Fig 6A the proportional and integral gain (crms arc

very small, while the derivative term (which acts like viscous damping) is made large,
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bul not large enough to causc the closed loop transfer function to excéed unity. This
scrvo loop operates with only about 20% higher TMR than the actual product servo
loop. Witih this system, lfadia! propagation over 16000 steps is achieved without
significant growth of track shape errors (less than about 50 microinches peak to peak),
and with track to track shape differences of only about 5 microinches rms. With the
parameters as showﬁ in Figure 6B the TMR drbps 1o about 20% less than that with the
product servo Joop but the closed loop response is driven above unity at both twice and
three times the rotation frequency, resulting in an inability to successfully pr(;pagate

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 for the first 60 propagation steps when using the propagation
‘paramctcrs of Figure 6B. The track shapcs were measured by backing up after the
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 amplitudes at each of the 120 sé'{:tors were then averaged for 100 revolutions
of the disk to climinate TMR cffects. The resulting waveforms were plotted as radial
deviations of circular tracks. The scale is cnhanced b.y a factor of ten to show the t;rack
sl;apc crrors morc clearly, i.c. the radial deviation is plotted 10 times larger than the
corresponding track to track scparation. Also, the circles arc also spread over a much
greater apparcnt radial extent than on the actual disk, where 60 steps represents only
about 0‘4“/«: of the disk radius. A similar diagram in Figurc 7A shows the first 60
propagation tracks using thé propagation parameters of Figure 6A. Here the track -

shape crrors arc basically random and show no growth.
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The data plots in Figure 7A and Figure 7B show the magnitude of the 180 Hz {requency
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 _thc closed loop.response has a magnitude of 1.029 at—180 Hz, this
component grows rapidly, rising from-about 3 microinches to about 16 micrbinclics in

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

obscrved.

An cmbodiment in which reference track corrections arc computed using digital filtering
of the PES recorded du‘rihg 'eéch 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 responsc greater than ' 1 at the first 5 multiples
of the rotation frequency, with a peak value of 1.31. Using ﬁlterir_;g calculations up to :
the 8th mulliplc of the rotation_frcqucnéy 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 error growth (about 50 microinches peak-to-peak at most). Without
the filtered PES rcference track correc':.t'ions, these servo gains would have prevented
propagation beyond just a few sléps due to cxponcnlial crror growth. The higher gains
cut the TMR to about 50% of the typical filc TMR, and result in substantially

improved random track-to-track crrors in the servopatiern.
PIHIYSICALLY SEPARATE READ AND WRITE ELEMENTS

In the discussion so far, it has been assumed that the recording read transducer and
write trinsducer arc one and the samg, as in the typical induclive rcad/write clemernt

commonly used. Recently, transducers employing scparate read and write elements such

]




45

as the so called MR (magnctoresistive) transduccrs have comc into ﬁsé,.and Tequire
special attention with regard to'the determination and control of propagation track
spac:ing by means of nominal average rcfcrcncc_:. value settings. Figure 8A is a diagram
of such a transducer showing the different widths of the read and write elements aloﬁg
with an offset between read and write element centers. Figure 8B shows a plot of how
. the normalized rcadback amplitude varics with thc position of the actuator. Here, zero
corresponds to the actuater 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 direction of motion isdesired). It is dt;sirat::le that the
propagation track spacing be determined only by the read and write widths and_not'bc
affected by the offsct in the clements. This is particularly important since the apparent
ofTset changes as the r'otéry actuau;r swecps from the outermost to the innermost track
in a'disk file (the spatial separation of the read and write clements along the actuator
arm direction leads to different projcctcd locations of thesc elcments onto the disk track
as the arm rotates). An important aspect of the present invention is the incorporation
ofa mcthdd for climinating this .dcpcndgnce on read to write clement offset in a manncr
that requires no prior knowledge of the precisc geometry of the head and which can be

achicved solely (hrough mcasurements of rcadback amplitudes.

Figure 9°is a diagram of thc 6 burst propagation pattern showing the rclative localions
of Lﬁc writlen bursts in onc of the propagation burst regions. It is important for disk file
data track ."ipacing that, on avcrage, the edges of adjacent tracks should have a specific
amount of spacc between them to avoid overwriting of data on one track by a hca'd ll;zlt
is supposed (o be on the adjacent track. For example it may be desired that the dala
tracks bc 4 propagation tracks apart a_nd have an average spacc between wrillen track

edges of 25 percent of the data track pitch. This is the sitvation illustrated in Figure 9,
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where uscr data tracks arc shown assigned to locations c_orrcsponding to propagation
bursts A and E. In this case, propagation bursts that arc 3 steps apart, such as A and
. D have their edges just lined up. If the read clement is positioned so that Ehe 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 edges overiap,
and less 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 pitcli is too small or too
large and can be uscd to adjust the nominal average rcference level used durfng

propagation to correct the pilch.

If the readback amplitude varies linearly with position (a fairly-good approximation) the
obtain the correct spacing can be computed from the measulred relative amplitude at the
A =D position. This can be scen by noling that a change i 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 co.ntril')utes? ;pacing change cciual to r, and the change is
shared cqually fpy A and D. The nominal average rcference fevef should thercfore be
adjustcd by an amount cqual to 2/3 of the deviation of the rélative amplitude at the

A =D position from its dcsircd level.

The méthgd of the present invention consists of the following steps. First, choose an

initial nominal average réfcrcncc valuc and prapagatc several steps (3 or more in thig
case). Next, back up to a location such that the rclative amplitude of an A -burst and
D burst arc cqual. This is accomplished by temporarily re-defining the PES to be the
difference between 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 1o the

.
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propagation nomtinal average rcference fevel as described above and continue -
propagating. |
Prcfcrably, this process is repecated several timces at the very beginning (in a region that
will not be assigned to uscr data) Lo initially set the reference level to account for the .

" particular read 10 write clement offset. Changgs in the offset due fo rotation of the
actuator can be accounted for by repeating the proccsé at regular intervals. In
experiments carried out with the system described above, excellent results were obtained
by repeating-this process every 40 propagation steps. The process was actually carried
out by averaging the relati_vg 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 refercnce level changes very slowly, there
is an advantage to letting the corrections build up slowly as well. This measurcment and
correction process required 11 revolutions of the disk and was performed every 40
propagation steps (which take 120 revalutions sincc': cach stcp requires a write, a
normalize and a step revolution), henco it increascs the scrvowrile time by only about
9%. Figure [0A shows the nominal average reference level plotted versus propagétiun
step number for a full run of 16000 steps, and Figur'c 10B shows a plot of the relalive
amplitudes al the A =D positions (averaged with B=E and C=F) mcasurcd in the
samc run. Here the track .piL'ch was choscn (o be smaller than that shown in Figurc 9
(the 25% space belween written data tracks shown in the ligurc is actually higher than
ncecled) so that Lhe desired relative amplitude at the A=D r;osition was sct to 0.625
rather than 0.5. [t can be scen that this method works quite well at holding the track
spacing constant (as determined by the relative amplitude at the A =D position) by

systemalically adjusting the propagation nominal average relcrence level.
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A number of variations of this method arc possible. As alrcady noted the desired
relative amplitude at the A =D position may be set grcater than 0.5 to achicve a tighter
track spacing. Another variation is to usc the A=E position, or A=C, or some other -
combination rather than A=D. The choicc would depend on the ratio of t—hc 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. Refcrring to Figure 9, ﬁote also that the
choice of how many bursts to use in the propagation pattern depends on these same
factor;c. The key requirement is that the rcad elemcent be able to read a particular Burst
without interference from the next burst over (the onc in the same slot) several

propagations tracks away.
WRITE ERROR CORRECTION

The use of special servo loop pm‘am’etcrs (those that kecp the step-to-step error

' amplification factor less than ui‘:ity at allﬂ multiples of the disk rotation frcqucriucy)
together with reference track correciions basced of the PES du ring the writes leads to
greal benefits in limiting the growth of crrors in the propégation track shapes. Also, the
track Lo track shape diffi crences arc kept low by operating the scrvo with parameters that
pirovide fairly good rcjection of n1ccl1aniﬁal disturbanccs resufling in low TMR.
However, cach track still contains some crror duc Lo TMR [rom such disturbanccs. By
its nature Lhe product servopattern is designed to encade relative head to disk position.
Thus, a wrillen-in errdr duc to TMR during the scrvowrile process ultimatcely translales
into a corresponding crror .in the radial position measurement obtlained by the product
servapatiern demodulator during subscquent file opcration. An additional featurc of the
present invention is a technique for reducing the cffect of this residual TMR on the
apparcnl shape of the product scrvopatlern. Essentially, the idca is 1o usc 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 canccllatig.n of the effect of the written-in position error when the
servopaltern is subscquently read back during file operation. The techniqﬂuc involves
both the servowrite propagation process and the servopaticrn readback process during
_ﬁlé opcration. A pri:f‘erred 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 servo 1D ficld.

As a first e.xample of an embodiment of this process consider an amplitude burst
product servopattern. In such a servopattern thc;e are ﬁypically 2 or miore bursts of
written transitions delected within specific time slots (ollowing the servo ID field. Figure
11 A shows a simple two burst servo pattern in which the desired track location is
defined as the location at which the readback signal from the A and B bursts are equal.
In a conventional servopaltern demodulator the readback amplitude is sampled and
digitized ncar the end of each designated burst time slot and represents a filtered average
of the burst amplitude. Figures 11B iq [1F show wavcforms as_\sbciated with the
demaodulation 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 |
convcntional demaodulator but the oufput is run through a gated integrator circuit before
being digitized by the ADC. The scctor | D detector provides the timing reference from
which the fixed integraltor gate signéls and ADC trigger sighals are derived using
delayed c.k'm ble pulse gcﬁcrators. The ADC is triggered to digilize the gated integrator
(illtpllt just prior to the falling edge of the gate. This gatc cdge scrves to reset the h
integralor Lo zero as well. Thus, the digitized burst amplilude cquals the rectificd

. reaciback signal times the amount of time overlap bchccn Lhc integrator gate and the

detected burst signal. The rectificd readback amplitude changes with the radial localion
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of the written burst so it tracks the TMR du.ring the writing. By inténtion‘ally alfering
the time al which the burst is written relative to the sector 1D, the amount of time
overlap between the integrator gate and the detected burst signal can be afijustcd 50 as
1o just cancel the effect of the TMR on the rectified readback amplitude, resulting in a
digitized burst amrﬁitude value that shows no cffects from TMR during scrvowriting.
The time of burst writing is adjustable through the use of the timing delay unit inscrted
in scries with the write data from the pattern gencralor. A digitaily programmabile delay
unit such as those manufactured by Data Delay Devices Corp'ofétion of 3 Mt. Prospect
Ave., Clifton N.J. provides the requisite rapid and precise adjustment of timing delay

under digital control that is needed for this application.

The mcthod for computing the proper delay is illustrated in Figures 13A to 13F which
shmv. a situation in which the A burst is radially mis-positioned due to random TMR
during serbowriting. In accordance with Lhe present invention, the time at which the A
“burst is written is shifted relative to the cnd of the servo {D ficld. For simplicity, it is
assumcd that the readback sighat varies '{')cr('cclly lincarly with off track position.
St;pposc the radial position error is a fraction [ of the read clement width and in the
upward dircction as shown in Figure 13A. A good c.stimalc of this radial position crror
is provided by the PES of the scll-propagation sérvo loop as measured [or the
propagation burst region just preceding the product servopattern region in which burst
A is wrilten. For pattern pmpagh(ion proceeding from the top down the patlern

propagation burst (nol shown in this ﬁgurc)- would have its lower cdge coincident with
Lhe desired track location and an crror in posil.izin in the upward direction would )
produce aﬁ increase in the readback amplitude of the propagation burst. This producces
a PES reading cqual 1o -f sinéc the PES is the fractional reference value minus the

normalized readback amplitude. The product servopattern A burst normalized
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rcadback amplitudce is shifted by -f .alsn, i.c. it is lower than it should be because the
burst edge fics 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 7T 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 locations where the A and B burst amplitudes are equal and the written

burst edges are aligned as in Figure 11A.

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 requirc.'.shi( ting the burst o an carlicr time to
compensate. This is casily accounted for by having the mic'rtlaproccssor scqucncc'
controlier keep track of which burst type is being mﬁtcn and adjust. the sign of the time

shift accordingly.

A slightly 'mo'rc compﬁcatéd situation arises il the praduct servopattern utilizes both
cdges of a given burst Lo define different track locations or for helween-track position
crror determination. For e;(amplc the lower cdge of the A burst may be used to define
one data track location (in conjunction with the upper cdge of the B burst) while the
upper cdge of burst A is uscd to déﬁﬁc an adjacent data track location (in conjunction
~ with the lower cdge of a differcnt B burst). Writling the A burst later cancels the cffect

»
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of the radial position crror for the lower edge of the A"bur.%t but would doub(cthc 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 bur.ét and eads 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 betiween the gate and the detecled burst amplitu_de signal.
. In this way, a unique time shift applied to a burst during servowriting wo.u]d.serve to
cancel radial position errors for either burst edge. The two gate delay times would be
alternatcly selected by the disk file scrvopattern demodulator depending upon a

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

In the case of phase cnco&cd servopatterns, tﬁe relative phase of the readback signal
between two bursts is the position dependent quantity that is vitimatcly detected. An
error in radial position therefore corresponds quité dircctly to a phase error in the
detected patiern and can be cancelled quite simply by applying an appropriate time shift
to one of the bursts during servowriting. No special madification to the product

scrvopattern demodulator is required in this casc.

Regardless of the product scrvopatlern type, the error cancellation technique requires
that a correction be applicd to both the product servopattern and the amplitude burst
propagation pallern at cach step. If this is not (l(if;c, the propagation scrvo loop will
attcmpl to follow the written-in propagation paticrn crrors while writing the next step,-
so an an image of it will be transferred to alf patterns (propagation bursts and product
servopatlerns) written on ll..lc next step. This is cquivalent o having the crrors appear
. again onc step later. As mentioned previously, wrilten-in crrors behave just {ike
modulation of thé reference signal in the scrvo loop and the response Lo them is given
by the closcd loop response of the servo loop. Thus, the image that is carried forth (o

g



the next step is given by the closcd loop responsc times the written-in crror signals
trcated as a time wavcform applied to the servo loop. A way to prevent this response
to written-in errors is to adjust the rcfercnce table values to reflect the kno“n position
errors during writing so.that each reference table value matches the e\tpectcd amplitude
for the corresponding burst when sensed by the read elemcent located directly on the _
desired propagatlon track. Just as in the case of the corrections to the product

servopatterns the known posmon errors during writing are simply the PES rcadings ol‘

the pattern propagation scrvo loop during the write revolution. Referring to Figure 4B,

a mis-positioned propagation burst that causes a change in readback amplitude by an
amount E changes the servo PES by an amount -E. If the reference track value R were

incrcased from its nominal average value by the same amount E, the net resuft would

be no change at alf in the servo PES and therefore the written-in crror would cause no

actuator response at all. Referring to Figure 4A and bearing in mind that the .
propagation procceds in the downward direction, it can be secn that duri’ng the write

of the mis-positioned burst the recording transducer was shifted too far down, resulting

in a rcadback signal smaller than the desired value. Since the PES is the refcrence minus
- _

the position signal;, the PES during the write would have been higher by an amount E.
Thus, written-in errors can be climinated from the propagation scrvopattern by adding
the PES valucs obtaincd <uring the write revolution to the nominal average reference

valuc to create the reference table values used on the next step.

This proct;ss of modilying the reference Lable valucs was described earlicr in the
discussion of crror compounding. In the simplest cmbodiment the reference table is.
corrected by a factor [ times the PES recorded during the write revolution. From the .
above discussion it is clear lhét the most cifective error cancellation is achicved with this

actor { cqual (o [. However, the introduction of reference table corrections leads Lo a

L



~ ' 54

modificd stability criterion ia which the step-to-siep crror amplification factor
§S=C+ f(1-C) must be less than unity. From this cxpression it can be scen that if [ is
. exactly 1, S will also equal 1 and errors will not decay. ‘The choice of f is determined
by a trade-off 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 asf
is reduced. Analysis shows that the net track-to-track random errors in the servopattern
are prdportional to the TMR times (1-f). Thus, while F=1 is best, very significant
' randc;m error cancellation can be achieved just by being reasonably close to 1.; The same
analysis applies in the more sophisticatcd ecmbodiment employing digitally filtered PES
corrections, where f is a vector of complex-valued-elements. In this case one would’
choose particular values of the elements of the step factor S so as to result in all clements
of f being as close to l'as possiblc (provided the magnitude of .S itself is kept less than
1). At higher frequencies, where f=0 as a resull of truncation of the Fouricr scrics
filtering calculations, the random crror cancellation will become ineffective. However,

in.general, the T[}/IR itself has very little high frequency content so a loss of effect in this

range means very littic in terms of the total rms crrors.

In the alternative embodiment shown in Figure § involving decoupling of the writing of
the product scrvopattern, the PES uscd to madulate the product servopatlern would not

be the same as that used for computing the reference table corrections.

Other methods of moedulaling the product scrvopaltera to allow random TMR
cancelfation beside those described above can be devised by those skitled in the arl. -
Examples include modulating the ﬁ'cqucnc_y or the duration of amplitude burst pallerns
coupled with corresponding detection circuitry included in the product servopaticrn

demodulator. The novel aspect of the present invention consists of using the real-time

*
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PES signal during scrvowriting o allow correction of scrvopaticrn posit'iop crrofs as they
arc written. The modification of the self-propagation reference table valucs based on the
F;ES is also important for achicving the desircd' 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 éancellation in the product servopattern in order to be .

effective.

It will‘bc understood that the present invention may be generalized to the writing
patierns on a medium that moves répctitivcly. Whilc such motion may constitute-
successive rotations of the medium as described above it may also constitutc any
repetitive motion including rcctiljncar and fcciprocating motion. Thus, any medium méy

e decorated over an arca using the scIf propagation principles described hercin.
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A mcthod for servowriting a rotating disk in a disk drive including a head for
interacting with said disk, an actuator for positioning the head radially with
respect to said disk, and means for causing said head to write on and read

information from said disk, comprising the steps of:

.

writing servopatterns on successive radial tracks of said disk using a servo loop
for positioning said actuator wherein scrvo position information is rcad from said

disk; and

setting frequency dependent gain of said servo loop so that closed loop responsc
of said scrvo loop has a magnitudé less than unity at every integer multiple of
«disk rotation frequency, yet is high cinough Lo prm-‘idc.su bstantial rejection of

mechanical disturbances.

The method of claim | whercin said closcd foop response has a magnitude less

than unity at all frequencies.

A method for servowriting a rotating disk in a disk drive including a head for
interacting with said disk, means for causing said head to write on and recad
information from said disk, a servo-controlled actuator for positioning said head

radially with respect to said disk in which a position crror signél cquals a
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difference between a reference waveform and a mcasured relative position

wavcform derived from readback signals from said hcad interacting with said

disk. and comprising the steps of:

writing servopatterns on successive radial tracks of said disk using said

servo-controlled actuator; and

deriving said refercnce waveform as a function of closed loop transfer function

of said actuator and at least one measured position waveform.

The method of claim 3 wherein said closed loop transfer function is frequency

dependent and said rcference waveform is derived by lrequency dependent

filtering of said measured position waveform.

wherein Lhe measured position waveform is representative

of at least one revolution of said disk.

The method bf claim 3 wherein said position crror signal signal is derived based

on measurements from at {cast one track.

4,
]
[
5. The method of claim 3
6.
7.
said successive tracks.
8. The method of claim 3

is much less than one.

The method of claim 6 wherein said al lcast onc track includces a prior track of

wherein the magnitude of the closed loop transfer function

UYL
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A méthod for servowriting a rotating disk in a disk drive including a head for
-interacting with said disk, means for causing said head to writc on and read
information from said disk, a scrvo-controlled actuator for positioning said head
radially with respect to said disk in which a position crror signal cq—uals a
difference between a reference waveform and a measurcd position waveform
derived from readback signals from said head interacting with said disk, and

comprising the steps of:

writing scrvopatterns on successive radial tracks of said disk using said

servo-controlled actuator; and ’

deriving said rcference waveform for successive radial tracks based on said

position crror signal from at least one preceding radial track.

The method of claim 9 in which derivation of said reference waveform comprises

the steps of: L

calculating at least one complex cocfTicient of the discrete Fourier transform of
the position crror signal as measurcd during the wriling of servopatterns on a

radial track;

multiplying said at least onc complex cocfficicnt by al least onc complex filler

factor, f, thereby creating at least one filtercd cocfficient;

calculating the inverse discrete Fourier transform from said at least one filtered

coefficient; and

R R
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adding said inverse discrete Fourier transform to a nominal average reference

level to form said reference wavelorm.

1{.  The method of claim 10 in which [ is computed from a predetcrmined funclion

of closed loop response, C, of said servo-actuator.

12.  The method of claim 11 in which [ is given by:
{=(8-C)/(1-C), where S has a-magnitude less than 1 whercby growth of

_ servopattern placement errors is bounded.

13.  An apparatus method for servowriting a rotating disk in a disk drive including a
head for interacting with said disk, an actuator for positioning the head radially
with respect to said disk, and means for causing said head to write on and read

information from said disk, comprising:

means for causing said head to writc servapatterns on successive radial tracks of
said disk including a servo_loop for positioning said actuator and wherein scrvo

position ‘information is read from said disk; and

means for sctiing frequency dependent gain of said scrvo loop so that closed loop
response of said servo loop has a magnitude less than unity at cvery integer
multiple of disk rotation frequency, yct is high cnough to provide substantial

rejection of mechanical disturbances.

14.  The apparatus of claim 13 whercin said closed loop response has a magnitudc less

than unity at all {requencies.
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An apparatus for scrvowriting a rotating disk in a disk drive including a head for

interacting with said disk, means for causing said head to writc on and read
information from said disk, a servo-controlled actuator for positioning said head
radially with respect to said disk in which a position error signél ec;uafs a
difference between a reference waveform and a measurcd relative position
wavcform derived from readback signals from said head interacting with said

disk, comprising:

means for writing servopatterns on successive radial tracks of said disk using said

servo-controlled actuator; and

means for deriving said reference waveform as a function of closed loop transfer
function of said actuator and at least one mcasured position wave:form.

i
The apparatus of claim 15 wherein said closed loop transfer function is frequency
dependent including mcans for dcriving said rcference waveform by. frequency

dependent filtering of said measured position waveform.

The apparatus of claim 15 wherein the measured position waveform is

representalive of at feast one revolution of said disk.

The apparatus of claim 15 wherein said position crror signal signal is derived

bascd on measurcments from at least onc track.

The apparatus of claim IR wherein said at least onc track includes a prior track

of said successive tracks.
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20. The apparatus of claim-1S wherein the magnitudc of the closed laop transfer

61

function is much less than one.

21.  An apparatus for servowriting a rotating disk in a disk drive including a head for
interacting with said disk, means for causing said head to write on and read
information from said disk, a servo-controlled actuator for positioning said head
radially with respect to said disk in which a position error signal equals a

. difference between a reference waveform and a measured position wéveform
derived from readback signals from said head interacting with said disk,

comprising: '

means for wriling servopatterns on successive radial tracks of said disk using said

servo-controlled actuator; and

means for deriving said reference waveform for successive radial tracks based on

said position érror signal from af least one preceding radial track.

22.  The apparatus of claim 21 in which said means for deriving said reference

waveform comprises:

means for calculating at least one complex cocelficient of the discrete Fourier

transform of the position crror signal as measurcd during the writing of

servopatterns on a radial track;

means for multiplying said at least once complex cocfficient by at least one

' complex filter factor, f, thereby creating at lcast one filtered coefficient;

L



—_—

This Sheet Has B

T e

62

means for calculating the inverse discrete Fouricr transform from said at least onc

filtered cocfficient; and

means for adding said inverse discrete Fourier transform to a nominal average

reference level to form said reference waveform.

23.  The apparatus of claim 22 in which, in said means for multiplying, [ is compuied

from a predetermined function of closed loop response, C, of said scrvo-actuator.

24.  The apparatus of claim 23 in which T is given by:
f=(S-C)/(1-C), where S has a magnitude less than 1, whereby growth of

servopattern placement errors is bounded.

i
25. A method for servowriting a rotéting disk in a disk drive including a2 head for -
intcracting with said disk, an actuator for positioning the head radially with
respect to said disk, means for causing said head to write on and read information
from said disk, and a servo loop flar pnsitinni.ng said actuator in accordance with

serve position information read from said disk, comprising the steps of:
writing a series of first patterns along a (rack;
displacing the head a known fraction of a track to a displaced position;

rcading from selected ones of said first patterns, position information for

determining deviation information rcpresentative of deviation of said head from

AR
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said known fraction, and using said deviation information to propagate sccond
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patterns at said displaced position with said deviation information encoded in

said second patterns.

A method for propagating a pattern in a disk drive having a rotating disk, a head
for interacting with said disk and means for positioning said head radially with

respect to said disk comprising the steps of:
a. writing first patterns on a first track;

b. reading and storing amplitudes of selected ancs of said first patterns to thereby

store selected amplitudes;

¢. moving said hcad a fraction of a track width and writing second patterns

corresponding to said selected f{irst patterns;

-2

d. repeating stcp ¢, n times for successive moves of said head until said head

reaches a selected radial position and writes additional patterns;

e. positioning said head at an intermediate position between said first track and

said sclected radial position;

f. computing a first ratio of amplitudes of said first patterns with said head at

said intermcdiate position to said sclected stored amplitudes;

A A
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g. computing a second ratio of amplitudes of said additional pattcrns when said
hcad is at said intcrmediate position to amplitudes with said head at said selected

position;

h. repetitively repositioning said head and repeating steps f and g at each position

until said ratios are substantially equal;

i. comparing said ratio to a desired value to determinc a deviation from said

desired value; and

j- adjusting spacing between the writing of successive patterns so that said

deviation is minimized on subsequent repetitions of steps a - i.

The method of claim 26, wherein the head has separate read and write elements.

A method for establishing and r;lainta'ming a desired track spacing through
adjustment of the nominal average refercnce fevel of the scrvo loop used during
the process of sclf-propagalion for radial positioning in disk file scrvowriting in
which the changes in said nominal average relerence level are computed on the
basis of mcasurecments of the relative burst amplitudes hetween sets of bursts
located one at more radial positions apart, such mcasurcments being performed
by interrupting the normal sequencing process and backing up onc or more radial

positions.

The method of claim 28 comprising the steps of:

I
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establishing an amplitude burst propagation pattern consisting of a sufficient
number of indcpendent time slots so that, upon repeating a burst in a given slot
after a number of propagation steps equal to the number of slots, a space shall
be present to allow the read element of the recording transducer to—straddle the

edges of each burst without interference from other bursts in that slot;

using an initial estimate for said nominal average reference level, propagate for a
first number of steps, said first number of steps being sufficient to allow the read
element to be moved opposite to the propagation dircction to a calibration
readback posmon in which a Fracuon of the read element overlaps the lower
portion of a first set of bursts in one of the time slots while an equal fraction of
the read element overlaps the upper portion of a second set of bursts in another

- of the time slots, where said first and second sects of bursts are:written a
predetermined number of propagation steps P apart and said bursts have &

1 predetermined spacing related to said desired track spacing such that said overlap
fraction equals a predetermined, désired overlap fraction corresponding to said

desired track spacing;

moving the rcad element (o said calibratién recadback position and performing a
recalibration by determining a measured overlap fraction equal to the rcadback
amplitude for each burst divided by the corresponding on-track amplitude
measutred and stored previously as part of the self-propagation process,
computing a correction term to said nnminél average reference level rcduc,tioﬁ
factor equal to 2/P times the differcnce between said desired overlap fraction and
said measured overlap fraction, adding said correction term or a portion of said

correction term to said nominal average refercnce level;

AR
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continuing the self-propagation for a second predetermined number of steps after

which said recalibration proecedure is performed again;

repeating the steps of self-propagation and recalibration every said second

number of steps until servowriting is complete.

A method for cancelling deviations in the demodulated position signal of a disk
file arising from random placement errors in scrvopatterns written using
self-propagation for radial positioning during the servowriting of said disk file,

said method comprising the steps of:

applying a modulation to each portion of the product servopattern, said
modulation being computed from the position error signal of the self-propagation -
servo loop as measured just prior to the time at which said portion of the product
servopattern is written, wherein said modulation produces a change in the
demodulated positioin signal in tghc normal apcration of the disk file, said change
bcing opposite and nearly equal to the deviation of said demodulated position

signal due to said random placement crrors;

using self-propagation reference table values that arc individually computed for
each propagation burst using the nominal average rcference level together with a
correction computed from the position error signal of the self-propagation servo
loop as measured close to the time at which said propagation burst is written, said
reference table value being such as to largely cancel the readback amplitude

change due to the random placement crror in said propagation burst in the

* c L ] s *
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subsequent computation of the position error signal of the self-propagation servo

- loop on the next step of propagation.

A method for servowriting a disk drive including a head for interacting with said
disk, an actuator for positioning the head radially with respect to the disk; and a

servo loop for controlling position of the actuator, comprising the steps of:

setting the frequency dependent gain of the servo loop equal to a value less than
unity when writing propagation bursts, and
setting the frequency dependent gain of thec servo loop equal to a different value

when writing the product servo pattern.

An apparatus for self servowriting a rotating disk in a disk drive including means
for positioning the head at any radial position with respect to the disk; said

apparatus comprising:
timing circuitry for controlling reading and writing in spccilic sectors on the disk;

a pattern generator for producing write data (or propagation bursts and product

servopatterns;

a time delay unit for making adjustments in relative timing of the write data;

amplitude detection ciréuitry for measuring readback amplitude of written

transitions on the disk;

T,
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a memory for storing quantities including measured values of readback

amplitudes and disk reference track values;

a divider for normalizing instantaneous readback amplitudes by their

corresponding original full-track amplitudes;
a microprocessor sequence controller; and

a servo controller having variable control parameters to allow rapid stepping and

settling and to limit the growth of track shape errors as said dlsk is servowritten.

33. A disk file servowriting épparatus comprising

means for controlling the internal recording transducers of the disk file such that
a plurality of bursts, each consisting of a plurality of transitions may be written

; around each of a plurality of tracks located at different radial positions;

means for determining and storing the readback amplitudces of the magnetic
signal from any of said bursts, with said readback amplitude being updated with

each revolution of the disk;

means for controlling the internal actuator to position the recording transducers
at said radial positiens, consisting of a scrvo-positioning control loop having a

_ closed-loop transfer function with the property that substantial overall rejection
of mechanical disturbances is provided without amplification at any frequency

equal to an integer multiple of the rotation frequency of the disk;

—_—
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means for writing said plurality of bursts at a first of said radial positions;
means for creating a position error signal of said ser;/o-positioning control loop
by subtracting s_a\id_ readback amplitude for cach of said plurality of bursts
written at said first radial position from each of a first set of stored reference
amplitudes in a time shorter than the interval between bursts, said position error
signal resulting in movement of the internal actuator to a second of said radial

positions such that said position error signal becomes nearly zero;

means for writing said plurality of bursts at said ;‘:econd radial position after a
first predetermined time delay to allow complction of said movement of said
internal actuator to said second radial position, each of said plurality of bursts
at said second radial position being written at a second predetermined time delay
following each of said plurality of bursts written at said first radial position, said
position error signal continuing ‘to‘be being determined from said readback

amplitudes from said plurality of bursts written at said first radial position;

means for repeatedly sequencing through the procéss of switching the creation of
said pos.ition error signal of said scrvo-positinﬁing control loop to being a
sublraction of each of said readback amplitudes at said plurality of bursts written
at a present radial position from cach of a set-of storcd reference amplitudes in

a time shorter than ﬁm interval between bursts, said position error signal resulting
in movement of the internal actualor to a next radial position at which said
position error signal is nearly zero, followed by writing said plurality of bursts at

said next radial position after said first predeterminced time delay to allow

v * [ L " L] *



This Sheet Has Been Replaced

- A

completion of said movement of said intcrnal actuator to said next radial

70

position, each of said plurality of bursts at said next radial position being written
at a next predetermined time delay following each of said pluralﬁy of bursts
written at said present radial position, said position crror signal continuing to be
being determined from said readback amplitudes from said plurality of bursts

written at said present radial position.

34. The apparatus of claim 33 in which said position error signal is created by
subtracting a normalized readback amplitude for each of said plurality of bu_rsts
from each of said stored reference amp!ituc'les, wherein said normalized readback
amplitude is computed by dividing each of said rcadback amplitudes by its
corresponding element in a stored set of amplitudes measured in an extra

- revolution of the disk following the writing of said bursts but before moving the

actuator.

35. The apparatus of claim 33'in which said said stored refercnce amplitudes used in
the creation of said position error signal are changed at intervals throughout the
sequencing process to result in track to track spacing that closely follows a desired

functional form across the disk.

36.  The apparatus of claim 35 in which the changes in stored refcrence amplitudes
arc computed on thc basis of mcasurements of the refative burst amplitudes
between bursts localed one or more radial positions apart, such mcasurcments
being performed by interrupting the normal sequencing process and backing up

onc or more radial positions.
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37. The apparatus of claim 35 in which the changes in stored reference amplitudes
are different at each sector and are computed using storcd values of the posiltion

error signal as measured during the time the corresponding burst was written.

38. A disk drive comprising:
a rotating disk therein,

a head having separate read and write elements and for an actuator for radially

positioning said head with respect to said c'iisk, and
a self servo written pattern written on said disk;

said pattern being written so that systematic crrors are eliminated; whereby the

track spacing follows a desired function across a surface of the disk.
S

39. A disk drive comprising:
a rotating disk therein;

a head and an actvator for radially positioning said hcad with respect to said

disk; and

means for writing a sclf servowritten pattern on said disk, said pattern being
written so that systematic errors arc eliminated, whereby the track spacing

follows a desired function across a surface of the disk.
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40. A mcthod for writing patterns on a rcciprocating medium including a head for
interacting with said medium, an actuator for positioning the head with respect
to the medium, and means for causing said hcad to write on and read information

from said medium, comprising the steps of:

writing patterns on successive tracks of said medium using a servo loop for
positioning said actuator wherein servo position information is read from said

medium;

I3

frequency dependent gain of said servo loop being set so that closed loop response
of said servo has a magnitude less than unity at every integer multiple of
reciprocation {requency, yet is high enough to provide substantial rejection of

mechanical disturbances.

41. A method for writing paitcrns on a reciprocating medium inchiding a head for
interacting with said medium, an actuator for positioning the head with respect
to said medivm, and means for causing said head to writc on and read

. mfm mation from said medium, and a servo loop for pnmuomng said actuator in
accm(hncc with servo position information rcad from said medium; comprising

Lhe sieps of:
writing a scries of first patterns along a track;

displacing the head a known fraction of a track to a displaced position;
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reading from sclected ones of said first patterns, position information for

dctermining deviation information representative of deviation of said head from

said known fraction, and using said deviation information to propagate second

patterns at said displaced position with said deviation information encoded in

said second patterns.
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