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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
W;iﬁng a Servo-Pattern of a Storage Medium" commonly assigned herewith, and the subject
matter of which is'_i'r.lcorporated 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

herein by reference. - |

" The inventio_n rela generally to hard disk drivé. memory storage devices for computers.
| ates to disk drive apparatus and to a method for writing servoirack
More specifically it relates to alleviating the need for a
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More partitéladly it relates to disk drive apparatus and to a method for
writing servotrack information therein. Mre specifically it relates to

alleviating the need for a conpl ex nechani cal and/or optical positioning
systemto establish .servopatterns on the recording surfaces of the
recordi ng nmedi a.’ 3 General Background Art Relating to Self-servowiting

As described in-International Patent Application, WO 94/11864, increased
Jevel s of storage capacity in floppy and hard di sk drives are a direct
result of the higher track densities possible mﬁth voice coil and ot her

;é??imgr’ f?;\éﬁspgémﬁgicx mcagrablcal ea)gé%?wéuéaﬂg%ﬂ&n&g ?tg 1 t(v gs M servopatttcrns on the

recording surfaces of the recording media.



hcad echnflogy. Previously, low track density disk drives were able to
achi eve satisfactory head positioning with | eadscrew and st epper notor
-mechani sns. However, when track densities are so great that the nmechanical =«
~error of a l|eadscrew stepper notor conbination is significant conpared to
track-to-track spacing, an enbedded servo is needed so that the position of

t he head can be determned fromthe signals it reads. -Conventional hard

-di sk manufacturing techni ques includingawiting servotracks on the nedia of
a head disk-assenbly (HDA) with a specialized scrvowiter instrunent. Laser
posi ti oni ng feedback |s used in such-instruments to read the actual

physi cal posi! A% jatinadd Solfectvawritingi t e t he servotracks.
Unf-ortunately, it |s becom ng nore and nore difficult for such scrvowiters
to invade the internal environnent or a HDA for scrvowiting because the
HDAs t hensel v xcee Ll I

castings to b'?dg g?‘:% 5 %angir %al Z’E&opéﬁg% aﬁsrp%gs ‘ﬂ'ylll—’lgqtF lﬁcrgag%/(ﬁ%&eslsﬁgg and

t hi ckness of ao;ﬁgcasdph&tycnheliipbyaﬁd HardAfisksdiives dre\aadifecOfesuTi 6 therhighad teckzat i on,
traditional servowiting nmethods are inadequate. Conventiona
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ei t her side.

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.

Conveﬁtional hard disk manufacturing leclmiques 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 servdtrecks. 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 size 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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burstg aregywitten in a sector header area, and can be used to find the
center line of a track. Staying on center is required during both reading
and witing. Since there can 4 bc between seventeen to sixty, or even
nore, sectors per track, that same nunber of servo data areas nust be

di spersed around a data track. These servo-data areas allow a head to
follow a track center |line around a-di sk, .even when the track is out of
round, as can occur W th spindle wobble, djsk slip and/or thermal
expansi on. As technol ogy advances provide snaller disk drives, and

I ncreased track densities, the placenent of servo data nust al so be
proporti onat el yc hetecrasseentesndo siglyy Qevdanwra sectae neremackorial samawmdreheenf by ™

dedi cated, exterpal_.servowiting equjpnen d typical |y involve t use

of large grani %cévqo?laqt% RE¢ b“"gb%cp%ﬂ"%f ‘j}']gfoapéﬁl.d%?ﬁ '\'/deé{(an ‘caeui;ére‘fo &(;ag &ic e’m%“

vi brati on effegthsad WToRdX altiadk Yentdriak alrad aidiski &ariled therackl iBousdfirbaare of

the recording disk and is used to wite a reference timng pattern. An

ext er nal head/ &F §an occur with spindle wobble, disk slip and/or thermal expansion. 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 Lrack density. The first reference track is then read with the moving
head. The mbvingﬁ hecad is then displaced away from the first 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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positioner;with a very accurate |ead screw and a | aser displ acenment

nmeasur enent device for positional feedback is used to precisely determ ne
transducer location and is the basis for track placenent and track-to-tracka
spacing. The servo writer requires a clean roomenvironnent, as the disk
and heads will be exposed to the environnment to allow the access of the
external head and actuator.: Unit'ed States Patent No. 4,414,589 to diver .et
at. teachers scrvowiting -wherein optinunPtrack spacing is determ ned by
positioning one of the noving read/ wite heads at a first limt stop in the
range of travel of the positioning neans. Afirst reference track is then
witten with tielau\IgEY ReBeisams difestivn witiithrctmpltbdrctfi thhssaenfbefergtce track

per cent age of ' a i 98 ol 0 atoriks lLical ly

el ated to the BR R e R i by B el o
then read w t lwcfedeacerioackngnhdisglacidghthe mwvingthehe by an smpheisufficyl sceduaviby from

Feduced 1o YoeBRTE BAYhPRET ST velihoneRlue i g el EEETEF Skt cthenen
witten Wth thhgnE0ut B@redl6AHadks o (vRiGeMR\olted 8RE tHcSHrbde&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 desil_'ed 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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5 displaceg again in the sane direction until the anplitude of the second
reference track .is reduced to X% of its original value. The process is

. continued, witing successive reference tracks and displacing the noving
“head by an anmount sufficient to reduce the anplitude to X% of its original
value, until the disc is filled with reference tracks. The nunber of
reference tracks so witten is counted and the process is stopped when a
second limt stop in the range of travel &f the positioning nmeans is
encount ered. Know ng the nunber of tracks witten and the I ength of travel

f th [ h .t je t Pty i ked tq | _ that it
*5 within oSGk &7 e e o BB dork, MG S bes et e ¢
the average GLfcagkd Begsmbiae tin&etvnga,scignbg titSfrotide LumeRslce Sifwul XYk WBpd S

| onered and the process is repeated. |f the average track density is |ow,
the disc is ¢rddedrectyeropstivarite velocityhcteavespadtemnsdhatinse pibstaatislly wideepeat ed.

I f the average,. ensi Lty .i.s Wwthin the edet ' . . of the
desi red aver g%déélpﬁg}é'?(g‘ enr?ér%'%{aﬁ} ,traf ‘%lte .'gaeés?cl 5 %ﬂa{r%end%g ?%Sr{?]ér?:?%lg ﬁ%gﬁf’rm‘% gi ven
aver age trackeadosi dnyplitiis, fadafuseh@rptfoftaneadiind@bseves ahaithé Sgnaliyelt hen

proceed to t- ?r%msa? {r\z{r?sd\{lmc;::rtisl z? %egstu?epgfits 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.

ey
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 servotrack amplitude, and a sccond -
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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Unf orkunately, Oiver et al. do not disclose howto generate a clock track
using thée internal recording data heads, as this is achieved by an external
clock head. Aiver also do not teach how to determ ne the track spacing
during propagation. This results in the requirenent of witing an entire,
di sk surface and counting the nunber of witten tracks to determ ne the
track spacing. Further, Okver et al. do not exam ne the variation in the
plurality of heads with the disk drive toyset the track pitch accordingly.
Finally, Odiver et al. do not teach howto limt the.growh of errors
during the radial Propagation growh. As al'so described in:|nternational
Pat ent Appl i cEfarBAteHONE MasAut yitharstight adisignt {e Hep Hwaes ihPgamoss ar with a

di sk drive's ' il | ' | - es
aent 4, 012, SYRP PO, of ERILALER Jighh of SFGLRIRE, ACTIREIRR drip Rashath
scrvo- pat t er nraattedusicld at entiye nemplingent bf pepahegacedsl sgrvatrackshte dptactvadiie a

di fference silgnal ha ing a sl ope . . -
ave served thelf 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
accur within a single revolution of the disk, and rr;edia inconsistencies can and do

~corrupt radial position delerminations 'that rely on a simple reading of off-track read
signal amplitudes. Prior art methods are inadequatc for very high perfbrmance 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.



t hat <izs directly proportional to velocity. Servo-patterns that are
substantially wider radially than the nom nal track-to-track separation are
possi bl e. This hel ps i nprove rcadback anplitudes, and thus servo .
performance. Janz observes that the signal level froma transducer is a
measure of its alignnment with a particular pattern recorded on the disk. If
the flux gap sweeps only foerty percent of a pattern, then the read voltage
will be forty percent of the voltage maxi%rum obt ai nabl-e when t he transducer
is aligned dead-center with the pattern. Janz uses this phenonenon to
straddle two of three offset and staggered patterns along a:centerljine path
i nt ended for r4raatonakiaient Applicasipe Moy 41186t teachey g iard g@'&fiv&wm@s@sde of
a disk for SefyftadiiddViuph Rbrafladfirrldl o HahAuc HecdhlinBlon Sl tht iR WO
transducers on opposite surfaces that thare a comon actuator. 1o Tormat an
erased di sk fad slafbaactuatdrinddany fot ratigllysweepisg thp hassdwer mer tte surfadel @n on the -
servo side at an outcr edg‘g.@, The transducers are then noved-in radially one

hal f of a trafabhsainfartareificpfennreed 1919¢ 3nuicersen prrirstodigiial FOYVEUE, ~ and
a first dat a'éﬁf@@ﬂtiz@h({\dﬁ{tﬁ?ﬁ%?ﬁqmﬁﬁ -gtaﬂﬁarﬁj}?ﬁﬁr,%hfi?ase TR{udrcfBSlER BufbiAgal n

noved-in radially one a track, IS time as indicated by the first
dat a-track anghk ittanstiecerdndDE ssingrd thdisleswsacy at menederyifer stening digichl ontputse
servo side. The LEARUWERDE, 3l B9RNeBY Sonaiihg bR %Al abtuator to move to such

radial positions 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 t}_xc next track. A checkerboard pattern of clock bursts is thus created.

All subscquent tracks are built ipcre_mcntally by stepping off a half of a track from the i

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
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one. hal f of a track, as indicated by the second phase servotrack anplitude,
data-track is recorded on the data side. The transducers arc
ally another one hair of a track, as indicated by the second
and a third phase servotrack is recorded on the servo

and a second
noved-i n radi

data-track anplitude,

side. The transducers are noved-in radially one half of a track, as

I ndi cat ed by

the third phase servotrack anplitude, and a third data-track

is recorded on the data side. This back-and-¥orth progress is repeated

until the ent
were thus wi
slight adjust
one-half a tr
formatted wt

one entlre di

ire two surfaces arc witten. If too few or too many tracks

tten, the disk is 7 refornatted once nore, -but with a
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an entire conplinent pro y space

PRoLaftrspeciigaly 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

rvotracks, the
dat a-tracks 'haueetmmrg«/ﬁdcdsheéfﬁrrauropm&easaam-pw;ﬁgaromwlpncwomiyepacmadon tfeor
recei ving user data. Unfortunately, the nethod described_ by Jdanz consunes
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servotrackg and requires two heads working in tandem Track-to-track bit
synchronismis also not controlled, and seek tines to find data between
tracks woul d thus be seriously and adversely inpacted. Transducer flying .
hei ght variations and spindle runout that occur within a single revolution
of the disk, and nedi a inconsistencies can and do corrupt radial position
determ nations that rely on:a sinple reading of off-track read signal
anplitudes. Prior art nmethods are inadegtfate for very high performance disk
drives. IBM Technical Disclosure Bulletin, Vol. 33, No. 5 (Cctober 1990)
entitled Regenerative O ock Technique For Servo Track Witcrs" suggests
servo writing refdbachanplitidsel natisensivhat weie writtemduing/epeviguestem phacer by

s of th d__wi , Ay
traoder di o, "ot SiRbr DRGSeARr N the biSE (Bl Bl ORlcc DI K80

encoder di sk. _ rack i's anmet eér "and
di vided into atdpasonis @ssénti thab i papsundificite 8ofiasvethiarpe Siuaidbpedt stapsde ds
half a track at a time using each phase alternately as a source of clock
i nformation fre8mid@sEdeh servo information in the servo sectors preceding
each data Field and rurther clock signals in the alternate phase can be
witten. The half track steps ensure that the previously witten cl ock

i nformation -cag el &afion ['G LESRY WYL sQle BRI Wl Raf JBLLEAL 8oRSHYO

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



witef cliogk head and associ ated nmechanisnms. 8 Internatjonal Patent .
Application No. W94/11864 teaches a hard disk drive conprising a rotating
disk with a recording surface, a transducer in conmunication with the
surf-ace and servo-actuator neans for radially sweeping the transducer over
the surface, a variable gain read anplifier connected to the transducer, an
analog to digital converter: (A DC) attached to the variable gain anplifier,

an erase frequency oscillator coupled to fithe transducer for DC erasing of
the disk surface, a nenory for storing digital outputs appearing at the
ADC, and a controller for signaling the servo-actuator to -nove to such
radi al positimomds tehatconwsliddtoniymeédeanslgd et sinceagulanppdatesdé drach equnipee a

DT o 200 o Bl e S Sk AP PSR Shot Po B  H sAFORR
track with cl@gyi@agGacdkRBaciny inlabSiutd uRRE n6l &?kciatlrya'rghuy B6dstidineg, Théregul ar -
sequence of clock bursts a half-track space offset
is a maximum absolute spacing such thal 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 filc scrvoactuator will repcatably fotlow moderate amounts of deviation so that data

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 N
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.
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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 which is
used as a reference for the witing of clock bursts of the next track. A

checkerboard pattern of clock bursts is thus created. Al

subsequent tracks

are built increnmentally by stepping off a half of a track fromthe | ast
track witten, which conprises tlock bursts, and witing a next new
sequence of clock bursts that interlace with the previous track's cl ock
bursts. Background Art Specific to Radial Self-propagation The process of
disk file servowiting using Qnly the intaenal recording transducer and.
product actuator, referred to as self-servowiting, involves a conbination
of three largely distinct sub-processes, witing and reading nmagnetic
transitions tThemiddVinfiRrRhEEInSi@erhiioh Y serPp@Siticinodtciigcyt B@vdabeadkdioneackr ansducer
at a sequence of radial |ocations using the variation in readback signal
anpl i tude as SBAciEn E5TerTefdo 38 dack ssiveszeasitcy dduime sayroment sk files is thay

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 being 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 flisks. ‘The total amount of fluctvation, referred to as TMR (Tor 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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actual product servopattern at the tinmes and radial |ocations defined by
the other two processes. The present invention addresses significant
shortcom ngs of the radial positioning process, referred to here as

sel f-propagati on, as previously described in the prior art, specifically
U S patent No. 4,414,589 by Oiver, et al., International Patent ,
Application WO 94/ 11864 by: Cribbs et- al., as well as the above nentioned
related U.S. Patent Application Serial N=» 08/ 028,044 by Chainer et al.. The .
concept of self-propagation as applied to disk file scrvowiting, while
prom sing very substantial bepefits with regard to servowiting cost (as

poi nt ed . out [TMRHecn1DGhsiantialfeaction of\ibe trackisppcing snagin Gill beFequiseday . f or
exanpl e), has_not vet n_copmercial.ly r ' Lefly, short com ngs
i n previousl §°'8%°s"5gr/t|’%lé§§§3%gongg‘%lelguoé‘r%x%%gﬁg @? gam\%\nrab ﬁ& 'esqs&-ec]rgl%lacccur acy i ng :

the pl acenenicrobpatto pletenRpOért@s B 1S ULANGHAGERRINGRE TN R IN@RivED Dather
servowiting. The requirenments for ever closer track spacing in disk files
makes hi ghl y reduetignsdass gel rrgpide muph improvsmiegt i toted datgjcppacityn d g 531do8Bdv ant ages

o, oL YL Aoy A S o P ot SO St

servowiting Wt essi ng an
i naccur acy. - hesodghlyt Dtiries@eutér that the (TM Regpetienkes duriopfikopenmtiae cOraty thehen

usi ng sel f-propagation; error conpoundi ng and hi gher | evels of random
use of such a servo loop during self propagation would Tesult'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 actualor in an atu;mpt 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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mechari cal ;motion. In conventional scrvowiters the radial positioner is an
ext er nal deV| ce that affords stable |ocation of the recording transducer by
virtue of its relatively high nass and stiff attachnment to a large granite «
bl ock that has mininmal vibration. Random mechani cal mption of the recording
transducer is therefore kept very small, and the track shapes defined by
the servopatterns arc al npst perfectly circular. Errors that do occur arc
totally uncorrelated fromtrack to track, 140 conpounding is never a

consi deration. Average track to track spacing is accurately maintained

t hrough the use of a |aser -di spl acement neasurenent device. In

sel f - pr opagatsempoundsd rensatcaly- ﬁgwpmtmhﬂ srayibiof sugherpes cgg degdte cxeE¥SIMS- cont r ol

the actuator Jn?oquréf \ésgaletl;? IUF&SH&%E? !nosfomtc r;!gscs er 6!‘%91?391% ﬁﬂ’a’n lt"é&je of

patterns that were wi ten I'ng a previous step I'm one step of
t he process aawrxmhtetd gidweh pbemtrs oAl a%ortdaaginemrmbmgcbxcact&dmelrthen t he next

step so it is essential that the ¢o undi ng effects of a very | arge nunber
of gt eps be éﬁﬁ?f‘ﬂ’é‘?aéﬁ’" process itself willLikely Bl "9 Y ?

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



A-si.nple.splution is to use only weak servo control so that radi al

pl acenment errors are averaged out rather than dynamcally tracked. This is
t he approach described in Chainer et al. This is also inplicit in the
patent of Oiver et al., where the propagation pattern is physically
overwitten at each step. This neans that the readback anplitude cannot be
determined at the tine of witing, hence the servo controller nust be
essentially free running with no ability;go dynam cally adjust to the
pattern. However, random nechanical notion nmay be kept small only by using .
a very tight servo control. Thus, elimnation of error conpoundi ng cones at
t he expense ofsphiififaben pBssciorncspecstdngieal, theossuois, cft tauehanesk iBygn iMhdsmagithing on
unattractive. A's t he .use af a | ow bandw dth servo requi.res |lon i mes
For st appi ng Affe Soptrk 15 3FisBom 8 spbmev Bubttafe H e ios b Bk
servowite tirgguiRddt Radikedp iGARE probdis. Clhip BSutRés the seridvaite tidefarRlug@esthieons
that the servo control does dynamcally track the witten pattern edges,
but there is rf®stdi scussion of howthis affects error conpounding. In fact,
t hey describe a refinenent to reduce "hunting” and "dithering" of the
actuator that nost likely arises fromjust such a conpounding effect. In
further di scusAd menthdkdabdve, ssifipropagarioiesusipg droanhighdrdévelshof sandefn metemital
nmerely hides the presence of - excessive error

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
requircd space between data tracks, hence they result in lower disk file capacity. None
of the prior art teachcs about the problem of random mechanical motion resulting in

reduced disk file capacity, or the relationship between random mechanical motion and

crror compounding, or even about error compounding by itself.



conpoundi-ng during the scrvowitc process, rather than actually elimnating
it. Scrvopattern errors of different types have varyi ng degrees of

i nportance with regard to ultimate disk file performn .
radi al position of reach track on the disk - needs tq@ hgcongobhseeen
noderately wel |l since regular updates of track count are avggpghtep even
during high speed seeking between tracks that are far L A
average track spacing in absolute units i¥€ not especially tightly

constrai ned. There is a maxi mum absol ute spaci ng such that the desired
nunber of data tracks be contained between the inner and outer nechanical
stops of the Semmarveflthpinvention ong as the recording transducers of the disk
file are narrow enough the spacing could be less than this maxinumw th no
i1l effects. Thus, it is not the absolute spacing that is critical, but
rather the relative spacing as conpared to the recordi ng transducer. The
techni ques described in Chainer et al. for determning the w dest head

within a disk file and using nmeasurenments fromthat head to set the track
spaci ng for allis A@siasipalrabiect of the present invention to provide a mcthod by which

»

sclf-propagated servopattern track shapc errors can be kept 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 recording 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

‘ .
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 campriscs 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 (or

¥
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generally effectlve for ensuring that the average track spacing neets the
necessary ‘criteria. However an unforeseen problemw th regard to the

determ nation of the ideal anplitude reduction factor: t u&e T_OT
Tt

control reference during self propagation has arisen wt

of recording transducers in which the read and wite glenen

:r)n

coi ncide. A need exists for a nethod-to conpensate for m sal I gnnent  of
these two el enents such as arises from Vf\.;i ations in normal manufacturing,
as well as changes in their relative alignment with respect to disk tracks
when a rotary formof actuator is used to position the recording

t ransducer.
to circul ar

bl [ 1
noder at e am)uﬁ'fcuqﬁ‘F j%ag{/ef‘%“[rmén#esrga{"%ﬁ? o F té'g k@% f’"s"f)oé’geatggmﬁ oono}Nhe

same traj act ofyriRgvarRY quEtRics\uch e the nT&uﬁrcd aau&scmgha&aa@hcaexemhtddea@des are’
distorted simlarly, absolute circularity need only be maintained within

L]

Whiakieg ifine iagjugtesnisab redativh diminghef the m:lkc @apm@lb@icrd%pswabl y cl ose
ins

fairly coarser¥eiadrack ¥alussnp Avifep jor fogadlizing ‘E“(Sa'lt?"?ﬁ"t” feReback Japfitdrebhot i on
of the actuat gt QrEQdRRhY oﬁaﬁamﬁwﬂam mﬂ,teacq szpml@a,re&m ?Q;rut:rgze c&ﬁmgkt he

m s- regl stration concerns which require a [Tmt of a snal

head wi dt h..

raction o
and a servo controller having variable control paramcters 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 canceéllation 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

1 ]
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12 The nwst inportant consideration for servopattern accuracy is |ocal
track to track spacing, referred to as track squeeze, sipge a prine
requirenent in disk files is that adjacent tracks be evej
by some mini num spacing. This ensures that adjacent tragk
not be detected on readback (this causes data read errott:
I nportantly, that adjacent :track data will never be overlappe
during witing since this could result in pg manent | oss of user data.
Track squeeze is determned by the radial s %aration bet ween adj acent track
| ocations as defined by the product servopattern witten on_each track and
at each angul artiny@asrpbel widsumadylpgorgvidligrow o vamanegsablcdsvels: Hdiedeckitt ed
shape of each - LV [+ ' or.S. _ ' t just
tho track to tPEEEN i e b iR e PEn SRRl LT
t he servo- contt@incdtxcetve a ot sdadsereblbopsguelc hsigbichl disk filp emel following sarapabl e

of following distortions fromperfect circulariit | roduce

. and |
m sshapen dat PP dR%EesPopsptaflipagss impesiiogsigtals @ s*ﬂe%f%‘ﬁg%@srmsc)
servopattern krQeds il REBuBRMEY $5nge 18 rBGickBies (and involves phase shifts as well).

Errors in track shape corresponding to frequencics at which the magnitude of the closed

it 8rRET ag
: Epéﬂeag_r%g e

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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| oop. fol lows accurately only up to a limted frequency, but it
reasonabl y good approximation to sinply take them as bein
general argunents that follow are unaffected by this Ie%e L@fsdetaﬂﬁg
one would wish to include this effect when determning a precigsi
specification for track squeeze. In setting the n1n|nun1a
one nust take into account the existence of random fluctuations about the
desired track location (as defined by tR® scrvopattern) that result from
mechani cal di sturbances during actual file operation. One of the |argest

sources of disturbance is the turbulent wi nd blow ng agai nst the actuator
from the spi nriiase PR kSporFp ésallgxedednmmitm t Thefprévidesttieeapabilityraffusing extraneelns |

TVR (Tor trach il saf SHEMLARLAD HRLENES, Be R MAPhe YaRke, (0T 1 udging the

is a

requi red accur scrvopattern ace servbpattérn errors are
roughly equal to or greater than the - 13 TMR then a substantlal fraction-
of the track spacing nargln wll be required as

Yet another aspect of this invention involves a further use of thc position error signal
recorded during fthc write process to dynamically 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.
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conpensation, leading to a reduction in total disk file data capacity. Once
t he servopattern pl acenent errors are | ess than about half the TMR
however, further reduction does not provide nuc

capaci ty The random nechani cal notion that resu tm.sx,vl&e*ﬁ\ a: \é’e’r
bandwi dth servo is used, is observed to be roughlly 5 ti#gs great_e:_, han the
TMR experienced during f| |e operation. Oearly, the=gse~6f such a servo

| oop during self propagation would resul t20i n unacceptably |l arge errors.

Sel f - propagation patterns consist of bursts of transitions |ocated at

i nterval s around the disk surface. The edges of the bursts conprise a set

of poi nts .t hakhugéy i‘cr‘i%fdé“‘icr“égkt@h'a‘ﬁél“tfhﬁfﬂefq'ﬁ’é RO VENAR A SP1RERE disk in &t t enpt
to foll ow on cer
posi 1 on- dur (958 G F Rl fag inRERGRS Siun S Bsk Al ool RRNGBRANTCT
desired circuilcad radiadlg kvithhragpectwh e4id dise, racdns droxauvsisg sitbised tewtitgomonedad
outward to servo off the edges of the hursts. Senmgssg thi's nan-circul ar

trajectory dirforpationdramsaid Bigk<anda servorlePrsior positioninesaid AT AR AFPEFASDy e
the actuator g;p, s%ﬂo%&nﬂgmnfﬁ aft‘ah O fidm s&B h%kcéﬂﬁ)?ﬁestth@stgﬁs"\’)f Rt

‘?] ﬁ.,%sa to be
witten at |ocations that (via the closed-1oop response o
servo | oop)- tskrdesef fick satltd’rat alogg etrpclesllsntacmg thenieag rdmewn Agpctoregl a track to

al data .

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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toget her ey th additional errors arising during the present step. Each
additional step in the process therefore carries forth a "nenpry-—a

precedi ng track shape errors. This "menory" depends Fﬂig@_ﬂ@w«m%m
TS BHE

cl osed-1 oop response of the the servo | oop. Effects resml ACFM tra
shape errors include random nechani cal notion -as wel f he
width of the witten track that may conme fgiomvariations in the properties
of the recording mediumor in the flying height of the transducer These
nodul ation effects are typically small conpared to the total data track
wi dth but are often very repeatable fromtrack to track and can grow to
very subst ant i slcohpyténgsa scfond ratid o€ ampludns ed s2i¢ pdditionn! pattesns shen eid Beprdgs owt h -
of such errors_,can.l ead excessive unt s, of.. ut e N
non-circul ari t%}.sa'rf]'ﬁ"?3%&%5%%"0&lf’cﬁ“p@gpr‘rlﬁsoﬁﬁﬁFaﬁg%g%&r)lh] 24 e[eglgg%%tﬁoennti al
growt h of err of Sepefitibelf FdpositiomdgdanShetld | ahd rEiRatifEstepsFamd @ht eadtpdshi@n until
sel f-propagation process itself will likely fail. " :

said ratios are substantially equal;

i. comparing said ratio to a desired value to determine 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.
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In Cr,i bbs.et al. witten track width nodulation arising fromflying height
variations is described as a source of track shape error that inpacts the
sel f -propagati on process. A procedure is outlined in which three extra .
revol utions of the disk are used to snooth the servo error control signals
so as to reduce "hunting"” and "ditheri ng" of the servo actuator before each
step of witing propagation bursts. is unl gkely that track width

nodul ati on | arge enough to detect as exceSS| hunting" could occur within .
any one step of burst witing, especially since width nodulation is a
secondary effect as conpared to on-track readback nodul ation, and a
prelimnary sBDegriptiod blethe Dypwimess is to reject all disk files having
excessive on-track nodulation. It is nmore likely that, in accordance with
our expericnce and detailed analysis, intrinsic width nodul ation typically
appears at the_ level of only a few percent, of the track w. dth g gr ows
through crror Fieyrblifdrierk Q'%/ﬂrﬁﬁé*‘f"’f‘% Hermaigr, giraenty ¢f ancmhodynest @ ?Lf"et hat a
signal that igcgingGemidy.€ in the position error signal of a high gain
servo loop is indicative of an underlying track shape error that is far
greater than the error signal itself. This follows fromthe fact that the
position erro S ner, t he resi dua art of the under ng,.track
shape error t 5[“""[ @%‘b?&fﬁml‘@ﬁéaﬂ%@smﬁﬁ B‘I“E‘S{"B%BTCF%WC PFRRASAHYL %’d‘ls iRl

adj usting thes&ﬁurr‘gﬁ{d propagatum 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 foop scrvo 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.

.



anpl:i f udes, while track following so as to smooth the position error signa
is one in which the underlying track shape error is nerely hidden, not

el i m nated. Below, we show that the detail ed response of the servo |loop is
critical to understanding the problem of error conmpoundi ng. Adjustnents of
the target anplitudes as described by Cribbs et al. may work to limt error
growh with sone types of servo-loops, but since no 15 specification of
scrvo response is given, the issuc is left to chance. Even if the snoothing
were to work, the solution is unattractiye in that threc extra revol utions
of the disk are required at each step i n%fhe process. This doubles the
scrvowite time,- and raises the cost. As nentioned above, self-propagation
suffers from higher | evels of random nechani cal notion than conventi onal

servowiters hayings E.Eaasﬁtbé/@r R R kac Bpgietcm&i REp SBVd ABSonsERRABTDRARANI cal
notion can be l'owered through thée use of a high gain servo | oop, : '
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
&A.

Figure 9 is a diagram s_howi'ng the locations of the various propagation bursts in relation
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.



but this deads to error conpounding. A nmethod for reducing servowiting
errors arising fromrandom nechanical notion to l'evels bel ow that of the
operating file TMR is highly desireable. As described above, servopattern 4
errors larger than this increase the required space between data tracks,
hence they result in lower disk file capacity. None of the prior art

t eaches about the problem of randon1necha€{cal notion resulting in reduced
disk file capacity, or the rel ationship b& ween random nechani cal notion

and error conpoundi ng, or even about error conpounding by itself. 16

According to 0?%3:%51%02 gwflm%*l‘ﬂ,e'x{%\éﬁﬂ% ag{l é hr%Fc‘?c cévﬂbéﬁérﬁﬁﬁ%;ﬁg%tn@? for

servowriting on torage nmediumo eévi ce having a transducer
and a servo Iompnticmrohpmtltra)msctrg»rs;mgdudrrapsﬁuaﬂrusmTahcdoed;pgacrhniclocsaneﬁng

storage nediu sai d net hod .conprisin writing re transitions on
one t ? ack of ;nscmrmcdp?c[ ia,ncbva: 1{creécﬂg§ts(f§%gcgyrum fi guxc ‘ZA in whchngustmcnts to the .

nominal average refercnce value werc made. by pcnodxcally backing up and measurmg

the average relative burst amplitude at the A=D servo lposition.

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. .




storage medi um whil e servoing on another’ one of nore transitions previ ously
recorded on said storage nedium and 17 deriving a reference waveform as
a function of a closed | oop response of said servo | oop and a position )
error waveform said position error waveform corresponding to one or nore
positi-on errors of the transducer relative to the another one or nore
transitions, wherein said referénce wavgformis usablein witing
subsequent tracks on said storage nedium According to anot her aspect of
the invention there is disclosed an apparatus for servowiting on a storage
medi um of a storage _device haV|ng a transducer and a servo | oop_for

posi tioning s iled Description of the Rrcfeteed Bmbac @ d storage nmedium said
appar atus conpri si ng: : '

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 understood that the.writing of actua)l product scrvopatterns requires much tighter
.timing control, particulé;'ly when writinfg the servo identification fields and whenever -
writing phase cncod’cd 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

.




18 neansifpr witing one or nore transitions on one track of a plurality of
tracks of said storage nedi um while servoi ng on another one or nore
transitions previously recorded on said storage nedium and neans for N
deriving a reference waveformas a function of a closed | oop response of
said servo 1oop and a position error waveform said position error waveform
corresponding to one or nore position error of the transducer relative to
the another one or nore transitions, wheRéin said reference waveformis
usable in witing subsequent tracks on said storage nedi um 19 According
to yet another aspect of the invention there is disclosed a nmethod for
- signal (PES) that serves as the input o a digital serve controller 44. Scquence controfler
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 digital servo 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 uscr data following scrvowriting. All of region 104 except for the parl
containing tl{c product servopattern will also be overwrilten 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

s



MW|1|ng‘patterns on a reciprocating nedi um having a t ransducer and a servo
| oop for positioning said transducer with respect to said reciprocating
medi um said nethod conprising: witing one or nore patterns on one track *
of a plurality of tracks of said reciprocating nediumwhile servoing on
anot her one or nore patterns previously recorded on said reciprocating

medi um and 20 deriving. a reference wayeformas a function of a closed.

| oop response of said servo | oop and a position error waveform said
position error waveform corresponding to one or nore position errors of the
transducer relative to the another one or nore patterns, wherein said

ref erence waveRigry nFersexampls) i§ therdirstryser diga Kaslsis ghesse thhe eoatied Phpieppegtion

reci procat i ng, Jigq AE”{‘hc 'ﬁ@:&% f&'t%k%u}’cﬁﬁe AR ASPSStioR tral N Fid, BYEH &N

there is disclose
across the dmk 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 ugeftrl 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

I 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



propagation apparatus in a storage device, said storage device conprising a
storage nedium and a transducer for interacting with said storage nedi um
sai d apparatus conpri sing: 21 a pattern generator adapted to wite,
during a wite revolution of said storage nmedium a transition on said
storage nedi'um while servoing on another transition previously recorded on
sai d storage nedium neans for determning, during said wite revolution, a
position error signal corresponding to a8position error of said transducer
relative to said another transition; and a nmenory adapted to store, during
said wite revolution, said position error S|g$al rOV|d recorded

position error c%ﬁ"bh‘é?‘chére‘ﬂ“mﬁ'"&f’dﬁﬁif’f‘f‘%&"é"‘?'& ad t"fQé(‘:‘Rt %&‘1"8@“‘&5 Y5Egt ed

with said trangi&higss foq. correct for said position error.

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
togclﬁcr ona 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

*




22 Descriwption of the Drawings Figure 1 is a block diagram showi ng the

maj or elenents of an cnbodi nent of the present invention. Figure 2 is a
diagramillustrating the relationship between the propagation tracks, disk
sectors and propagation bursts. Figure 3 is a flowdiagramillustrating the
basi ¢ process steps for one enbodi ment of the present invention. Figure 3A
is a flow diagram of a process f-or conputing propagation paraneters. Figure
4A shows the-relationship of properly pl2aZed and m s-positioned propagation
bursts with respect to a desired track. Figure:4B is an illustration of a

servo | oop showi ng how the signals frombursis as ahomn i n-figure 4A are
conbi ned to fdrpiral ‘5’81§$°[‘135Hla§g? e set ‘Eﬂ‘l‘a‘ to predetermine 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 -

*



Figure 5.is a flow diagramillustrating the basic process steps for an
al ternat.i ve enmbodi ment of the present invention with many or the process
steps being the sanme as in figure 3. Figure 6Ais a plot of the magnitude «
of the closed | oop servo response for a PID servo control |oop having
paranmeter values that result in the closed | oop response being | ess than
one at nmultiples of the disk rotation frequency of 90 Hz. 23 Figure 6B
is a plot of the magnitude of the cl osed% oop servo response for a PID
servo control | oop having paraneter values that ‘result in the closed | oop
response being greater than one at twice and thrce tines the disk rotation
frequency of duckpakericgupan 7 Aul| wvelufiony it sypplilise mpsigrsity oSy icarvalyitidfient of
the track non-cs.lnhfét&hﬁmré Yoriiflg ERARKY Eflof Bl Pblc ARBATALILRS FIHRE T SR
usi ng servo paraheters as s Bwn. 1 n I gure BA together wth a diagram
illustrating tphemettruildote graltuadlyagithsthe prophgationtpaeaneidrebeimgsteached only at the
end of the step 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.




track, cokresponds to propagation step 60. Figure 7B is a plot of the 180 Hz
Fouri er -conponent of the track non-circularity as neasured for a

sel f - propagati on experi nent using servo paranmeters as shown in figure 7B«
together with a diagramillustrating the actual track shapes in which the
out ernost track corresponds to propagation step 60. Figure 8Ais an

enl arged, schematic diagram.of a-recording transducer in which the road and
wite elements are at separate positions. Bigure 8B is an idealized plot of
the normalized readback anplitude versus off-track position that woul d be
obtained.for a recording transducer such as that shown in figure 8A. Figure
9 is adi agrastlhthrrg\'txhhémlisaabﬁnmsatin‘n rtmtuwml;'ktom3343rimp'agatﬁilbﬁ'351digﬂizssi n

relation to use g) ;? hqw n areﬁeeme QS Lir0 such

that it yields Bﬁ‘u'gf:%%’ﬁ?g G ﬁ“g §‘g"?%}he bRSLIAPY % St SF?ag t'i on

bur st. normalization table, while the servo loop continucs 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

]



24 Figure - l0A is a plot of the nominal average reference val ue versus

propagati on step nunber obtained for a self-propagation experinment using a
havi ng separate read and wite elenents as shown in
average reference val ue were

recordi ng transducer
figure 8A in which adjustnments to the nom na
made by periodically backing up and neasuring the average rel ative burst
anplitude at the A=D servo. position..

constant .

ustrate e waver or .asso

a bl ock diagram showi ng the circuit elenents associated with the galed
i ntegrator type of pattern denodul at or .

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 determined
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

)

Figure 10B is a plot of the average

rel ative burst anplitudes obtained duringathe same experinent as shown in
figure 10A illustrating the accuracy with which the track spacing is held
Figure 11Ais a diagramillustrating the relative | ocations of A
and B bursts ammalizapion mhkstTlamnltmu@e(\mrA/bpamfellmvman@éwrﬁéﬁ ulilthe g¢séred ect or
::Pngr glsdli‘gd ¢ ghn(ilﬁr__np?l ttQ ?rack%qg rc? heé \?g"%le!%ﬁmni%g g;ﬂa?& athtlg qg&&m onqch» I4? gg& I on
the gated i nt@gpadetss stoppe Hfteprogduct servopattern denDduIator

b ]
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Figure 13A,illustrates the sanme features as figurc 11A for a two-burst

anplitude scrvopattern but with the A burst displaced radially as occurs
Figures 13B to 13F illustrate the sanme signa
wavefornms as in figures 11B to 11F but for the erroneous servopattern burst

for witten-in TMR crrors.

| ocation of' figure 13A 25 Detail ed Description of the Preferred

Enbodi nents Figure 1 shows.the major. conponents of a preferred enbodi ment
of the present invention. A disk drive 28 with its recording transducer 22,
actuator 24, recording nedium 26, servopattern denodul ator 27,
and read/wite control electronics 28, is connected to a tine delay unit 31

vVoi ce coi

in series w tisifzprppageiiom thycandt ehservaldo sigodliictheipgsidpmeldaansgycen2? roptive Lo

controller S%t&n
precisely contro

bur st

_ e purposes of radi
of analysis of servo loop performance. A loop 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

' propagation 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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writing ang detection, the timng controller can be a unit such as the
AMB513A systemtimng control |l er manufactured by Advanced M cro Devices

Cor poration of Sunnyvale California that is sinply synchronized to a once .
per revolution index timng mark, but it is understood that the writing of
actual - product servopatterns requires nuch tighter f timng control
particularly when witing_:the servo-identification fields and whenever
writing phase encoded servo patterns. Mdthods for achieving such precise
timng control using the internal disk file recording transducer, in a
manner consistent with self- ﬁﬁggtlon are scriped in the rel ated U.S.

Pat ent Appl i é%fp?rgﬁcgéﬁsr%ndsm gtepgor 2pULAHAL IRCOr g4I AN SRE R aF 1% -

read/wite el ﬁﬁﬁéﬁth&chﬁﬂéHN%ﬁoﬂaﬁaﬁf?ﬁﬂ?&%f‘a@ertrﬁulﬁ iedBY thé Hid&dadsgppdul at or
circuit 34 the out put of which is converted to digital formby an analog to

di gi tal convesspense (ai@@)to 8& Mth powens Thes, drthe meambyiemf Hierpipsedblopp otspensc 32
act i ng i n concer m Cr. pr oces e C t roll er uence
ot 1o 1 or R oMk Bl el SRERE R RRRE H TS Sorf e ot e e
digitized readhbackoad e td déi5 8dt ¥ chredio¥ hﬁiefmﬂél anPL Sfap evenuriyol | er 33
wiith menory 38 al so provide for the storage and
- decays. Thus the compoundmg is effectively limited to a fi nite 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. Since wrilten track width modulation

is only a few percent cffect,.a substantial growth can be tolerated 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 anly at the 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 mtc;,ral multipies of the disk rotation frequency. As a frequency
dependent quanuty, the closcd loop responsc C is acluallv a vector of complex numbcus
having both a maguitude and a phase, wxlh each clement of the vector concﬁpondmg to
a particular multiplc of the rotation frequency. It is the magnitude of cach clement of

the vector that must be less than unity. |



retrieval. f reference table values used by a subtracter 42 in creating the
position error 26 signal (PES) that serves as the input to a digital
servo controller 44. Sequence controller 33 al so provides conputation
capabilities for general use in determ ning nodifications to the stored

ref erence table values and for deternining appropriate delay settings to be
applied to timng delay unit 31, -and produci ng control signals for pattern
generator 30. The output of digital servo 8ontroller 44 is converted to
analog formby a digital to anal og converter (DAC) 46, and is further
anplified and converted to a current by a VCM driver 48. The driver current
is applied to. ¢8pesnadbe scricloomparmaiprs o onsise Hhas khef glosed Musmgnsrcesdes*dlmg

transducer 22 o PRGN DRhEal 8 Bl blidil SERRATY ROEFR idy

medi um 26. NReP |ons o) DLT ac
and digital semwlaamaltrhahdnafzm&l&narrmgahh e igean id tlmaugh Tmnamsrowl ate

progranmi ng of nicroprocessor sequence controller 33.
reference track table correcuon 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 valucs 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.



Figure 2 .shows a diagramof a portion of recording nedium26 illustrating
the division into a nunber of propagation tracks 111, 112, 113, etc. as

well as a division of each track into a nunber of sectors, with a first N
sector 101 typically coming imediately after the disk rotation index as
determ ned either by an index pulse fromthe disk spindle notor driver or
fromthe timng controller.: Each sector issfurther divided into a region

103 contai ning the anplitude bursts for propagation and a region 104, which
is reserved for. the use of the precision timng propagation system and for
witing the actual product servopattern including sector IDfields and

ei t her anpl it ddallustreist o Figyhade, zmrmmde@vgahb@ilm@l thai dvn‘eptembgmmmprad)f this

system propag bur st .area er w

fol | owi ng ser ﬁﬂ?ﬂ%q‘f Y Rgre it Y’ﬁ‘(‘j‘ﬁ the Vé’F‘BF\"&lngéé}H?perf%ﬁd ‘{]uﬁ'élg%*ée "E’"%Jﬁ‘fo tﬁ’ 'ng
the product seyyQRAtdsQr ipditivt tithe W vEBriR WA W didilaB§ fikied 16/ BRI uELAhA reféraAde
propagation burst region is furthcr divided into a nunber of slots 105 -

110 wit hi n whitahe qqﬁ@cmnp\raahtead’e”hbmmvup&m @rmser@wlﬁ the frcgor fasigh thatfitoglso
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- algarithm exist, but one which provides total flexibility for choosing f at all necessary
frequencies (i.e. multiples of the rotation frcquency) 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 [‘ormglac 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 algonthm«: such as the Fast Fourier Transform may
be used to perform the requisite calculations, but 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.



27 width.. -Eor exanple, if the first user data track is chosen to be
centered on propagation track 112, the next data track would be centered on
propagation track 116, and so on across the disk. Qher ratios of N
propagation to data track pitch can be used, but the 4:1 ratio shown all ows
fine adjustnent of the timng of grey code bits and phase encoded product
servopatterns. Typically,:the data track pitch is chosen to be slightly

| arger than the transducer wite width3%30o the edges of adjacent data tracks
do not overlap. This can be seen in Figure 2 by noting the relative radial

| ocations of B and F bursts since these correspond to the -above nentioned
choi ces of ddihg compeRbEocenfarietscoies nclisisgtstinwives sueiing thQPER dalgdsgimes

respectively.. - [ I tern shown consij st f repeati ng
sequence of émggrﬁ%?égﬂg%%@ék’?@aﬁgﬁﬁ “D%té‘&‘galﬁ%é"_ "frﬁgmf)c%srogg %C%i a% agalgﬁlsl ot do not
over | ap al onggssthE-Ghathicabmgutadod tima fdchefrédugndd doaipbmerts (aResroaGOLLBdLO (2 '
transducer to back up and read previously witten bursts. Slui':'h a process

can be used tRYoCIfE St”ﬁ"e"’%’ﬁ‘é{‘_ﬁ hediES ¥retop rBDEFATY Aacamelished ipdhemge to the
(rjieg(lzr di ng tr 3PSHHYEActWicd kbt BGHY B VO REvEIRLE RRAJAI RsFREPLETE. YARCT 0SS @
- 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

s 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 errors small than it is to maintain absolute circularity of the ltracks. Other

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

L



urface .This is described in nore detail later. The m ni mum nunber of
slots reqU|red for propagation w thout such checking is 2. A typical nunber
of sectors is 120 and a typical disk rotation rate is 5400 rpm giving s
about 92 m.croseconds per sector. A typical slot time is 7 m croseconds.
This is longer than the typical anplitude burst duration used in a product
servopattern (1 m crosecond) but there is no | oss of user data space with
expanded propagation bursts since thej8will be overwitten later. An
advant age of longer bursts is that they allow nore filtering time to be
used during denpdul ation resulting in a higher signal .to noise ratio which
sinplifies seradie opre ﬂ?tﬁ'fst"élﬂ“‘s‘éﬂv{i‘clhﬁ%ﬂé EPB‘?fﬂlﬁ‘?-é.‘t"F'B‘na“dp&‘F‘i'ﬁaBﬁ?larl y With
regard to dehﬁyg\glng derivative or velocity .related servo terns. Shorter
burst tines 8 could be used if nore tinme is needed for timng marks and
.product scrvopattern MW|t|ng I n regions 104.

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 include_d, 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 dmusands 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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Referring o the flow diagramof Figure 3, the iterative self-propagation
process starts with step 130 in which the recording transducer is |ocated
at either the outernost accessible track (OD) or innernpst accessible tracks
(I'D) of the disk file with the actuator being pushed agai nst a physical
stop to lock it against nmechanical disturbances. In step 132, first
propagation track 111 (Figure 2y is witten with A bursts in the first sl ot
of each propagation burst region. Also, {ye first portion of the product
servopattern is witten within region 104 of each sector together with the
precision timng marks. These may, for exanple, occupy only a small portion
at- t he begi nnirpmcdi¢s in ¢l ashiustraent ohthelserve loep psianfetretopsoduse a gesisd §'889ddeembur st
patterns and be witte ur.ing.t sane.[.e Lo th |.SK. :
Barthermore. dfmabeichifledivih bRt RE Ry {18 S FelePledddurfolIn€ Bl covolytion

witten with tihebmpit estictionon (RPRTEaice tiatk {abMErafids HREINANNE ReP RGO Woes
region 104 by switching the wite electronics to select each recording

transducer in nole¥sesd ynityst agy levany frepieneyr Csriiibgefshis sercticriionarives ol own
recording tr arlﬁ?l’h??(h'at Al sﬁista‘@/ﬂhlcﬁéjg%‘ﬁeortn%?ﬁ&rl?&ﬁ dg{hr@an%és%h%e%ﬁﬁi hor) .
This first revofution in"the procesSs I1s referred to as a wite revol ution.
On the next -r avigdinuthiotonShraih i) erhtle 86, reqdfing &x@ch froccesingatimosuvh|as aadraging
revol uti on and shown . . ) ) s

signals over multiple extra revolutions of the disk. Even more importantly, this

specification clearly delineates the operating regime under which stable §e1f—p}opagation

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

»



as step 134 in Figure 3,

each sector

t hose used i ndiskhfic oparaddii, 8. thé giil @ndibakdGidihewauod bel asmipk as\pdskibi Somistgnt

par anet ers.

revol ution artitsAEgng DoR instrb{sy dug o emiercy d5REASTY Ripssilty ad R ft-"HT"’ough t he
stored nor el d,zafihOfhd 2Dh&cRE taQBvchA 28MbEY of fii&é% i wRB R beWRdodRize b1 Vi der

On, the next revolution of the-disk, referred to as a . step

40. A reference track table. in the nenory has been

those skilled in the art of electrical design and servo control systems may allow

substantially lower TMR to be achicved during process step 134A than is possible in the

" actwal file operation. These factors include for cxample, 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
treduces 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 Figurc 5 is an optional cxtra revolution step 135, that prowdcs extra tlmc
for the wrmng, of product servopatterns. Tlns has a disadvantage of incrcasing

servowrile time but may be nccessary if a large number of disk surfaces arc present

~ within tlic disk filc and the regions 104 dedicaled to timiing 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

sequence controller 33 signals ADC 36 to sanple
and digitize the denodul at ed readback anplitude during the first slot of
and records these values in an A burst normalization table in
menory 38. After all sectors have been read in the normalization revol ution
but before the first propagation burst region 103 of the next revolution
the paraneters used in the:servo 29 control voltage cal cul ation are set
equal to predeterm ned val ues referred tQuﬁS step paraneters that provide
rapid motion and settling, that is the gain and bandwi dth are high. This is

shown as step 136 in Figure 3. As an exanple, servo parameters simlar to

L Y



pre-recorded with initial reference |levels corresponding to desired
anplitude reduction factors for each of the sectors. Typically, these
initial reference levels are all equal. Simlarly the reference track table,
val ues are routed to subtracter 42. ADC 36 continues digitizing the A
bursts of each sector. As recording transducer 22 reaches the end of each
propagation burst region 103, the output of subtracter 42 contains a nunber
equal to the reference track table entry for that sector mnus the
anplitude of the preceding A burst divi déd by the stored nornmalization
table value. This is the position error signal or PES. At this tine,
sequence cont retifigy {r@33 Usdt@ifisticSradiapprophgation borsc etitinglbuethelicimativead t he PES
and conpute a new control K vo]tage setting., This control voltage is adjusted
by the servo cOHOFBIINLYasfereibed '%é%PY}F“‘taHY grsivsebleaitsiatyes-24 in a
direction that reduces the PES, i.e. toward propagation track 112. Once
actuator 24 has settled onto the desired |ocation for propagation track 112
(typically in goud tlograiEaBUREMENTSK revol ution) the paraneters of the
servo control voltage cal culation are changed to anot her set of special
predeterm ned values referred to as propagation-paraneters that are -
tailored to-provide rejection of nechanical disturbances w thout

anpl i fication lofa partietarsamhedineant 8 PID (Praportinaleintagralyvgerizativehtipe of servo loop

was implemented using a personal computer together with 2 commercially avajlable 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 positkm. signal responsc Lo
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

-




val ues are, determined is described bel ow. Even though the step to the next
pr opagati on 30 track takes less than a full revolution, it sinplifies
matters to allow the revolution to conplete before witing the next set of .
bursts.- I n one enbodi nent, this change in servo paraneters is done
gradually with the propagation paraneters being reached only at the end or
the stép revolution. In Figure 3 this process of setting the servo to have

t he propagati on paranmeters is shown. follomnng step revolution 138, and is
referred to as a step 140. At this point%dnly a single propagation track
has been written so the result of a decision step 142 in which a count of

propagati on tpegdséGmplisheDwRanRExith ticutrpifctahe tarmact wesiunaibnd dsrtrrdidiaat
corresponds to the conpletion of the product servopattern is necessarily
negative and ¥R® CﬁFH&’é’éé‘af atav e theges! tipg E‘@‘Wé\ﬂ&l‘ﬁtﬁ“ﬂﬂ“‘i@’ capgbifitiod second

‘g’(r)' tg \rlf:’?' Ut { @ithiRg sihdbBid3 AP HOBREIE BT AL t&ble 3PS BIPFSurRALLfébraaggr at or

serics of position signal readings obtamed whilc applying a predetermined reference
ta blé modulatioﬁ, the m#gnitude and phase of the rcsponSc can bec 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 muitiples 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,

>




bursts of fransitions, B in the second slot of each sector. As before,
precision timng marks and product servopatterns are also witten in
regions 104 on the same recording surface and just product servopatterns on,
t he remaining recording surfaces. Throughout this wite revolution, ADC 36
continues digitizing the A bursts and serve controller 44 maintains

actuator 24 in a position such t-hat transducer 22 stays close to thc
desired location of track 1I12. Each indivi disl PES reading is used to

adjust timng delay unit 31 in a manner that nodul ates the product
servopattern as it is being witten during the adjacent region 104 of the .
di sk. Det ai | sbwifnot karge enodgl tit dause thr eloskddeon trangfor fgnetion puexceedomitly| Yhist he PES

val ues during { e W LLE. LOVOL UL OB & &0k REQLIRIR et of ARk bRRIEIBRY 38 fof

. S Q_IO
use later in cal catalihg hew' ref &Pehice val ues. | n one nent

digital filtepbpogwitd @is sgétb@Ndil propegdtion eet 16000 Sieps iEEhwatdieokhas t hey cont
in sector-by-sector, resulting in conpleted conputation of filteri nq(
coefficient  vepnid@npgropip obligrkohape ot (lese thag\ASP J0gRicroinches peak to peak),

and with track to track shape differences of only about 5 microinches rms. With the
parameters as shown 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 Figure 7A shows the first 60

propagation tracks using the propagation parameters of Figure 6A.: Here the track :

shape crrors arc basically random and show no growth.




31 The next revolution is a normalization revolution, step 134, in #Which
ADC 36 digitizes both the A and B burst anplitudes, storing the B burst

anplitudes in a B burst nornalization table,

to track foll ow using PES val ues conputed fromthe A burst anplitudes,

A burst normalization table val ues,
A new reference track table is also conputed during this revolution
new reference track table value is set eqyal to a nomnal average ref erence
| evel determned.previously to be appropriate for the desired average track

spacing in this region of the_disk plus_ a correction value. In one
‘enbodi nent, t ke ¢ap plagt indriswraifand Sigvee 2 shoy the pragtititde ofthed§0 Hzdrareowy 1,

cal L ed the 1 SLELBRGE PIAK! BRAbARERonc A lon AR AN AU HIFAREPLURGORE

value for the c
revol ution. Abfttae mavéfvmisycondifting obthedi@Disantory af eedbask signyisiardnd sachgrackdi gi t al:

S
I Nng sector obtal Ing wite

filtering algorithmapplied to the entire

_of ' ded. PBS
val ues from t HeFBPEJS Mhgredhs Flesef &?Blrﬁipf’ﬁ‘f.%’%%ﬁqﬂéag {1‘(’3 '?@ﬂlﬁa{tﬁ&?ﬁ N s

conput ati on ngyn RReAGFAIPIabRINE fisifly floRCatol €3 WidrbRclies YO hibkut 28 ni@ofnb@ds 14 he
e conpl'eted for each reference table value in the -

remai nder

may easily

time avail abl enlp60 siepnn BwdhoparamBletsaif|Figust 7Ame 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 cach 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 Lo 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

]

t he

and the stored reference track val ues.
Each

while the servo | oop continues,



algorithns are described later. It is convenient to replace each reference
track table value just after it is used for the conputation of a contro
voltage. In this way, the servo reference track table during the
normal i zation revolution is utilized with its.previous val ues but ends up
containing its new values in preparation for the upcom ng step revol ution.
Switching to the B bursts for PES conmputations, the process repeats, and
transducer 22 steps to the next propagationgtrack, step 138, followed by a
wite revolution, step 132, |n whi ch C bursts timng marks ‘and product

servopatterns are wi %#gg g | owed Bé rnallzatlon revol ut D irs step
134, i n whi ch? HE se<} R (piagnqirsist )c‘lEa‘h U B o, g use, 3 reqire
nor mal i zat i onggcail Ricnlibh withGedard UL e WelchniNatidh SldScoh @bl SVhrBghghtiohiiradks) unti |

the desired nunber of data tracks is reached as determ ned by a yes answer
to decision smpmsm ragdas ehromingeveraes rebpence ivalye saténes] Figure 8A is a diagram

of such a transducer showing the different widths of the recad and write elcments along

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 lmportant aspect of the present invention is the incorporation
ofa mcthod for climinating this dcpcndcncc 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,




I n this system disturbances that cause the actuator -to deviate fromthe

| deal propagation track (TMR) result in ms-positioned wite bursts.
Subsequent readback of such bursts at the next propagation track | ocation
results in a nodul ated position signal. Figure 4A illustrates this process,
showi ng a properly positioned burst and a m s-positioned burst relative to
a desired propagation track. Wen centered on the desired propagatlon track
a distance X fromthe precedi ng propagati%n track, the.recording transducer
reads back a relative anplitude R for the properly positioned burst. Since

this is the desired location, this relative anplitude equals the reference:
track val ue, reReGt ¥ichgatRArasks e F"Lﬂg’" Fpignadite l9sa ?Qsl%ﬁ&‘(ﬂmb iR& {0 PrRRagatian o e

shifted from the dasijuegl &ﬁ.@a@é Efq}t %J(i%ﬁifvul's%cﬁs*ﬂ'@?:t&'e QUn AR afA laghiat | ve

to the width of the transducer ng in a relative readback srgnal
equal to R + HD h&ventheir edges ]Ldehmdmpnddtlhyeamﬂemmat;nosmooéd fohibabihe s¢latpage,
changes in the width of witten 2Rursts S an(fl rce_of erraqr tha

produces ef f ec@Piydsifrop bpst fepualythg selativepen é“dé ffﬂ"b wsyPAHe L U9 how

the el ements qed {i8 raaﬁ\fe%fgnat @m%mf*m@eagzynh@ummweﬁiaﬁ@5mherbaga§o@rr@pdard
conponents of a servo loop as they are generally known in the art of

ser vo- engi neeranddess dmandks dithbetges ave epaaapbtereem Thiss, hoaklativateplitude at the
A =D position is an indicator of whether the propagation track pitch is 100 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
adjustment in the nominal average refercnce level for propaga"i;on that is'required to
obtain the correct spacing can be computed from the measured relative amplitude at the
A =D position. This can be scen by noting that a change in reference 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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Control Engineering by K Ogata published by Prentiss-Hall corporation of
Engl ewood diffs New Jersey, where terns are defined. The | oop controller
150 is conprised of digital servo controller 44, DAC 46, and VCM dri ver
48. The "plant™ 152 is defined as conprising actuator 24 and recording
transducer 22. The plant output X represents the absolute position of the
recordi ng transducer in units of relatjyve head width. In - 33

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

absol ute position for Q of _anal ysi f,.servg | 00 erf ormance.
A | oop suﬁm’ anB%ﬁaﬁfmT ﬁgga\&&‘(‘{ﬁﬁir%?%\cﬁ l?vﬁgﬁsu(}é%c&ﬁ’f %ag%vggﬁﬁtco it cl[O he rel ative
nature of thep@bsglivgd position signal. Thus the observed position signal
equal s the sum of the absolute position X and the burst position error E
This signal X + Eis conbined at a standard | oop reference supm ng poi nt

154 with the reference track value Rto formthe position error signal or
PES. | n usual Prcfesstiliy this process is repeated several times 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.




the sign shown next to the incomng arrows at a summ ng point represents a
sign factor to apply to each signal before summ ng, hence the PES equal s
R (X + E). The net effect of the witten burst location errors is to .
produce a non-circular trajectory that the servo |oop attenpts to follow,
hence the errors act as an -additional reference signal. The response to

this trajectory is given by: the closed | oop response. Normally, it is
desired that the cl osed | oop response of 48 servo | oop be exactly equal to
unity (in which case the controller gain would approach infinity). Such a

systcm produces an output. that exactly follows the desjred. trajectory and
isinfinitely ’ét"i”f"ll’c'a‘@]ﬁ'i“ﬁé't‘“'ﬁi°§f'll? Paited are gassiplea s @lreadyiaied the Ffﬁ"f"g

control | er gaiQ,6a0aRpiddest théRL blrollS] maf b & PHERG HnALRS RsISdHicvE @ BRI d
| oop instability arising fromunavoi dabl e phase shirts (positive feedback).

I n typical sertvaskispagngpitdtbatvadation i beisgdhad <k pesidan, er ActGar spme etheos,

the primary perfotmance objective.is,t rQVi opt j ma), rej-ectlon of

nmechani cal  di sﬁ"ﬂﬁ’b’ﬁ%?t&f'{tﬁf%;\tﬂ%‘ ig"héfdt?cﬁi‘ "gde‘(‘)ef’gréd ' lr%ﬁetrzéél%gﬁ%? faig gk e

and the resul thiRd 16 bﬁb’iﬂgadoﬁQﬁck PREIDARELhE i086%d Shaitiglbetddeh tpackBecURithy (1.5
r

or .nore) over a fairl oad range of frcquencics. No_drasti-c consequences
ari se from thirsladive wisghsaifshe repd ang peitesierennts. | Refemiae e Bigara 9, sipteplfoithat, the

however, the Fpokeor ﬁm& gmﬁy BEsGh euilneﬂclc }'nro%g%%tog rpXtt@rB d%p&'dg H these same
factors. The key requirement is that the rcad element 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 writlen-in error duc to TMR during the scrvowrite process ultimately transigles
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

| ]



propagation track is reproduced in the witing of the next propagation
track, and that response is reproduced yet again on the next propagation
track. The cl osed | oop 34 response corresponds to a step-to-step error
anplification factor, so that an error at one propagation track appears N
propagation tracks later nultiplied by the closed | oop response raised to
the Nt h power. Thus, if the magni tude of the closed | oop response exceeds
unity any error will grow indefinitely.49f the closed | oop response is |ess
than unity, errors are conmpounded, but the effect of an error at any one
step eventual |y decays. Thus the conpounding is effectively limted to a
finite ndmber “Gﬂ)f%l?"éB%O‘hSCT‘R)‘B‘ngf}%qggéki: npduet sprropalirsh apif 1§ beimg, wHEeR iy t he
amount by whi ¢Rabifa haReth LA0MaliGPANE €l bf @%%ra{esm Woididn R wift P! € @
cl osed | oop response o 'Y yrelds n = . stemati1 C errors such as
written tracksemwapatienitslsdtaéquedtisdehd bhdralueing ifike @ictatioby Tae fi@hhigue divorout n.
The track to track error_is still quite small, and only the I&ss stringent
Limit both the servowrite propagation process and the servopaticrn réadback process during
file operation. A preferred type of modification of the servapattern 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

. readback signal times the amount of time overlap belween the integrator gate and the

detected burst signal. The rectificd readback amplitude changes with the radial localion



on absolute track circularity need be a concern. Since witten track width

nodul ati-on is only a few percent effect, a substantial growh can be
hout exceedi ng the absolute circularity limt of roughly one

tolerated wt

track spacing. Viewed as a tinme waveform the witten burst
trajectory is a perfectly repetitive function with a repeat frequency equal

Py

| ocation error

to the rotation frequency of the disk. A principle of Fourier analysis is
that any such repetitive waveform has asforequency spectrum cont ai ni ng
non-zero anplitudes only at the discrete set of frequencies corresponding
to integer nmultiples of the repeat frequency, in this case the disk

rotation freqefeheyrit®mbgrst st tracksetha M R rlggjog thei writingt  Byhintantionsdly eltertegd | oop
f.thc disk
0

response mnmust

w, un pl es

rotation fr eqﬁ’gﬁi@?eaqk%h?%l ‘?‘F é’&ﬁg%&/ﬂ (rﬁcg'ﬁg{ﬁh‘écirl{ytﬁg%%hgy l,’ Ehitcha T I“gsretc'f"f oop

response C i sowafihpl8étkcrithéGtcratod ate QAP vxddietidacsest R@vhngnletaddjustcasgak t ude -
w th each el enent of the vector corresponding to a particular

nul tiple of tiedustéanac ths effeefigieciMR qn the reqiifiedrirgdbackpaniifudeateptldngifeht of

and a phase,

the vector t h@i&itiwlslgurgeanllrﬁﬁﬁdetﬂm tHQti sth)fws 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
show a situation in which the A burst is radially mis-positioned due to random TMR

during serbowriting. In accordance wilh 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 cstimale 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
prnpagatic’m burst (nol shown in this ﬁgurc)- would have its lower cdge coincident with
Lhe desired track location and an crror in posil.itin in the upward direction would )
produce aﬁ increase in the readback amplitude of the propagation burst. This producces

a PES reading cqual to -fsince the PES is the fractional reference value minus the

normalized readback amplitude. The product servopattern A burst normalized

4



35 Chaosicng the servo | oop paraneters to ensure that the closed | oop

response is less than unity during witing is a sinple nethod that provides

a substanti al
error growth

val ues: conputed during the normalization revol ution,

reduction in random nechani cal notion while ensuring that

i's bounded. The inclusion of reference track table correction
step 134, alters the

situation. In one enbodi nent descri bed above, each new refercnce track

t abl e val ue

s-set equal to a nom nal a%krage reference |evel plus a

predeterm ned fraction, f of the previously recorded PES val ue for the

correspondi ng sector obtalned durlng'the write revolution,-In this case the
?

st ep-t 0- st ep GPIWIFK ampliiude Shifise by abale i-e-df isjlonar tagneib shawld B fecasseiBie | onger

equal s j ust txhﬁq Tg&ﬁ:glabmqhé EARABP fhe récoPithe gmhaee?sTﬁﬂ 1L e QABL off GEM

that nust have a

equal to f(

I's the conbination

magni t ude I esnstcghaﬂd sigwiat. yT hatmtedrhtor nmtegtmgnarmﬂ the phes:tf tlie Aﬁ)él trrtggeatputsa

frequency. In

corrections

utilizes the

referen

hPES Xy
PES readings directly as a time waveform PES—V

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

(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 cmnpﬁcatéd siluatinn arises il the praduct servopattern utilizes both
cdges of a given burst Lo define dilferent track locations or for hetween-track posnlmn
crror determination. For cxamplc 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 edge of burst A is uscd to definc an adjacent data track location (in conjunction

~ with the lower cdge of a differcnt B burst). Wriling the A burst later cancels the cffect

»
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In the aboye formula, S, like C, is a vector of conpl ex-val ued el enents,
while the factor f, being frequency i ndependent and contai ning no phase
shifts, is a single, real-valued term As such, it is not possible to find «
an f that results in the magnitude or every elenent of the vector S being

| ess than unity, except for special cases such as when the elenments or C
are all -> 1 or all < 1. Thus, the ti-nme-donmj n approach to reference table
correction can be useful in certain circunstances and offers [err] virtue

of sinplicity but does not provide a general capability of ensurlng bounded
error growth together with high gain servo perfornmance in which

magni t ude of ¥t E‘é'lé‘('jE"i}l‘ﬂ"t";?métf“rslﬁﬁ"rb’“’cbEfigcr?(ﬁt‘h“a'f‘“b“fﬁ‘ aytEpi{ deuble thci‘l’ﬁ“’)‘ks
i1 1ustrated ify SEnGHMRe Siper @@gc%mfsmt | A So1iOR LSRNk M@a&e S0 MBF tekdle this

general capability is one in which the vector of PES values recorded during
the wite rewallettatandgs kvcetroeaswdteagtcatareﬁsfm thedutst ped owds g gngrit gatlier tgan '

digitally fi ls‘iar{u(?gd d&rcn)ngp tlilogurs an eendlin%fa? L}C eI‘hus, 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

i 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
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t abl-e «correction values. This is equivalent to generalizing the facfor f,
such that it also becones a vector with conpl ex-val ued el enents. Many '

possibilities for a digital filtering algorithmexist, but one which N
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 conpute the coefficignts of the diggrete Fourier transformof the
wavef orm of PES val ues. Next, as represented by step 162, each coefficient
is multiplied by a conpl ex-val ued scale factor (the set of which conprise
f). Then, as represented at step 164, the transformis inverted using the
scal ed coef fi ¢HePESIED ISEEA RYdhaClpsey fEPSESPERSeeinggs g WFIHEN-f STEATISiERalgs
illustrated a . val. r ut ed
by addi ng. ¢ hy &ropef Be e ki VEERR opRIERRE rkd B bl TPl ©
descri ption oto thigtentirset@s & thadjustathe refemsdeaaisle auidest th ecfloot thalkaewa pesitixinat ed

with it can be found in "The Electrical Engineering Handbook published by
CRC Press of _ BES WP FioRE 6 Tk echRTc OB R e PN oS SR TOP SR o e
al gorithns sugdt @8 cdrb@phiaitlg SuRstIWIRh sdised 6 HeFedPdlediéht USRd e S drOthEN t he
requi site calculations, but in practice it is found that only a limted

nunber of fredesied propagatiancirash Bist dn tesrondl thg corsectionsiaghe awduainy "as t he
first servopatterns the known position errors during writing are simply the PES rcadings of
the pattern propagation scrvo loop during the write revolution. Referring to Figure 4B, '
a mis-positioned propagation burst that causes a change in readback amplitude by an
amount E changes the servo PES by an amount -E. If the reference track value R were
increased from its nominal average valuc by the same amount E, the net result would

be no change at all iﬁ the servo PES and therefore the written-in crror would cause no -
actuator responsc 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 thaﬁ the dc:sircd vafue. Since the PES is the reference minus .
the position signal;, the PES during the write would have beén 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

factor fequal (o 1. However, the introduction of reference table corrections Ieads to a



6 or. 8 nultiples of the rotation frequency, are usually required. To ensure
bounded error growh, only frequencies at which the nmagnitudc of the cl osed

| oop response exceeds unity need to be included. The factor f can equal .
zero for other frequencies, and corresponds to sinply truncating the '
Fourier: series transformations. 37 The conmputation of Fourier series

coefficients involves sunm ng the PES val ues _tines sine and cosine table
val ues. Using a standard m croprocessor such®3s an Intel 486DX-66, the
conputation tinme for 6 frequency-conponents:takes only about 12 :

m cr oseconds per _Elgne% in the ,PE%,vect or and is easi I% acconpl i shed in
the time avail QB‘]“ “HEFWEIFUBENIR & tﬁﬂr‘f‘ﬁﬁ‘c?‘ﬁ%ftﬁ\ﬁ‘ Fir guRfEiFzHan APt sel f, as
descri bed ear|§eic+ Rcpaist bOR&!thdd MRl Frbf WisChPRARANHSanSHH LbiCha e iscal e
the coefficints by the factor f and can be done at.the end of the wite
revol ution. Thexattiy brSsweilltaissregharinand evrore witinet sledagn Tak shoiccaldds ddteyotined?

m cr oseconds pg;aﬁlagggﬁtbeand can he done se&tb%rlév%}/alsa%ctor du

tween maiataining an accep solute trac Irx—glgcircularity

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

*



the normalization revolution, as described earlier. The filtering technique
descri bed above allows one to set specific values for the elenents of S.
The cl osed | oop response can be adjusted by neans of the servo paraneters
to provide a desired | evel of nechanical disturbance rejection, then the
appropriate values for f can be conputed using the formula f=(S-C/(1-C).
Unbounded growth of errors:is avoi ded by keeping the magni tude of all

el enents of the vector S less than unitgs, so this is a prinmary
consideration. In considering the gromh of systematic errors such as wite
wi dt h nodul ation, the error in track shape levels off at a-value equal to
the base wri PESGEaRHIUFHESHAPYRNNEP gliaw corrortion g)servepsiern phitian ariees dsabey WI’I te
width moaul abi D0l e MRHBoRDr hE A3oShehllof PAULAL LA LAk p0GEUR IR 2!

each witc step e net trac ape erro ere ore very large i

close to 1. (B(ESvealseinynormherocmﬁﬁdvaiglthedesfrédamﬁuafonmatrddmOrtmchamdomlshmm| on

is magnlfledlf the.step fact is chosen [err] be nearly zero, C|aIIy
if Cis clos&PE 1hisfgricctipndg ?eél fB"é‘@éﬂué‘b“T’ﬁ%‘Wft cg?"“f""i'&'étéﬁ s'f“ ’B"é&?ﬂﬁgpvery

large if Cigo@ld8&s bebstentify ?) FlcREly GRQEHE! REhnqddI s ﬂ'nﬁ;o{lﬁl{rﬁ;ﬁ th® give
excellent results with the disk files studied so far is Is reflects

the fact t hateferendesiablomelupninsed emaveragingsp Pﬁammnemralopmlzémb whileitrack t i s
to mainta n ?(9 o?vlmugt eTﬁi: Egrlf')lc)&:r(;f ttlYe é%)frregtli]o% lgraf;lg l\<'s§r'y d%er}ee:"nrt 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.



choi.cgs of. step factor S, including conplex-valued ones, may prove to be
opt i mum: 38 depending on the details of the disk file heads, recording
medi a, and nechani cal properties. As described so far{ffhe correctyi o tal nsa
used to conmpute new reference track tabl e val ues invo HHig ??%2%5%?@?N
wavef orm recordéed during the wite revolution. Qher |lnfor PLACE at__i
avail able prior to stepping may -al so.be included, such as accunul ations of
previ ous PES waveforns or even the PES wa%&form fromthe normalization

revol ution. Inproved performance with regard to net track shape error and
random track-to-track error nmay be achi kf t hr ough nor eMhisShest das Been Replaced -
al gorithns involving these additional t MSrhe essenti al i ' lIL ﬂ
present invention is that corrections to the reference trac ' '

arc based on data available prior to stepping to the new track | ocation.
What is claimed is:

<4

%

1. 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

i 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.

2. 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

l-l!llllj W



A speci al at all frequencies equal to or
greater -than the d| ﬁg@@hl mkﬂequency As shown in Figure 4 of the SCrvo

| oop the PES = plant notion X due to thejFses
(RE(CL/1 + CL) ' < 1 is approximtely zerq
becones R-E, or t ape error. In practice the PE§
aver aged over several revolutlons of- the di sk due to randormc
PES resul ting from mechani cal di st urbanced which are now present due to thc
very low rejection by the servo | oop. Fbmever once E IS neasured t he
reference can bc u at ed rbcthe track er can enove tv g a typica
disk file requiri g FETS PPHSEL A RHEeRT Ve §“38‘§6PV%WF {EIEITHOT i ng t he
growth or .errors l»ﬁweronhldamed A rd¥RBAckaiphak ERhERd RéadtilRrRGRAS QN shidvent i on
is the recognition of this phenonenon as being due to these special
properties of ser ki Besheomaisimgihe ¥epstas a repetitive sel f-propagation
process and the identification of speC|f|c 39

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.

4. 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.
, :

r ; .
5. The method of claim 3 wherein Lthe measured position waveform is representative

of at least one revolution of said disk.

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

on measurements from at {cast one track.

7. The method of claim 6 wherein said at least onc track includes a prior track of

said successive tracks.

8. The method of claim 3 wherein the magnitude of the closed loop transfer function

is much less than one.

UYL



renedi es«i.n t he—adj-ustment—of —the servo | oop paraneters to pr oduce a
desired:cl osed LRPheLiERPOERS Re )led with digital filtering of the PES

recorded during t JJll uti on to conpute corrections to the N
referepce track tJ
unity .at any relé

ch that the step factor doeg~net—exeeed =

The utility of this specifi DaBISHEEAH/QLSEEN
fromthe fact that very substantial rejedd on of mechani calj di stiEkarres
can be achieved within this constraint, while not requiring extra
processing tine such as averaging signals over nultiple extra revolutions
of the disk. Bven I 4 i 5 [ fheates
t he operati ngE'r egiﬂng{e%r?ggﬁpsr \Xh@c@?}&l}s{% Stﬁ{’]‘éagéﬁgfﬁ)‘{%gg%gﬁ ?coﬁkﬁg{ngéa&régtmﬁed,
t hereby ensuring dntecilouss witie saiddisk | mewgs poromesisg said feadeto dvrigh omsndareatl ow
diagramillustrating another ery%)od'i ment in whl ch, in accordance wth Ehe
princi pl es of the PPERANN TR &Y A5k, 2 Re-chnte "i’i{}‘%‘fm‘ff 8" prgyue said heac
servopattern and QREh@P@ch Yesh&iBid 420 BiSk [FPHieh TR¥sikich &oangRdl dag@cur during
the normalization revolution rather than the wite revolution as descri bed
above and il | ust r atitencn biwgen @ referenggrivaveform dad progasursd posijien wivefdrgure 5
are the sane as th Fi e,3.and bear .t he sa .abel s. .Thi hi ft of
the timng mark an‘%ﬁgﬁdgj{m"& &gé?c\'fdsﬁ'? geﬁrnrr]ﬁEl Wr“? F ?aﬁgm{ggacggﬁg'&lﬁfq?'ggf 'Si’-gnd
normal i zati on revabuptisiing ha4fpslecoupl es this operation fromthe witing of
t he :

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.

10.  The methad 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



propagation bursts during a nodified wite revolution 132A. Since the
probl em of error conpounding Tequites special propagation p ers _for

the servo | oop ofh H%lﬁm lited t i ng of the propagation b rﬂmgsﬁéﬁﬁhAs EN
decoupl i ng nakes ' 8?
t he product servo

use nuch higher gains during the pepfAfeh ”
mng marks. In particular t anPters .
may result in a cl osed Ioop response substantially greater than unity over
a range of frequencies including nultiples38 the disk rotation frequency.
This is acconplished in a new process step 133 in which the servo

parameters are set ,fighAleid fiaehlal ROGAGLALRAR: Y AbHGR! LRl | o ed

to provide | ow TMR 'Se paraneters woul termned in a manner
simlar to that uskidlitaf@atskidngletipcd Wevesemvo for act ual 40 disk file
operation, i.c. the gain and bandw dth woul d bc as high as possible

consistent with avoiding |oop instability due to frequency dependent phase

shi fs and a fini tuSamRL BEKA o ASASSFEBRH.EP AL o ABHERRRe funkdbhl o7

t hat woul d be recogniz
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 i 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

i 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.

g



those skilled in the art of electrical design and servo control sy's'tems may
al | ow substanti alTy tower—TiMR-to—be—achi eved during process step 134A_than-
i's possible in theThcshehadBekrppgyat i on. These factors iae y

exanpl e, the inprov¢ 3 HEqpmo! se rati o achi eved by
| ong duration servol STH( EM
el ectroni ¢ conponen \

he possibility of usin &

' 36, . DAC 46,5 and VCM dr ¥ET 2
scrvowriter enbodinment that is designed to be external to the product disk
file. The reduced TMR during these operations results in |ower randomtrack
to. track errofrs and reduces.the anmount of .random fluctuati on.in the
anpl i t ude of t[ﬁ rz‘é'd;ﬁ’é'é %éﬁ r&ﬁ%ﬁrv‘*“fFBWIgtal‘fgmt“f'?ngﬁg'%f“égdg‘s’c Relpiling $ihsad ey o
effect will reduceifibr@chdpolideasedrt, wéan® e chikidg RidKQ8 its voile &l Md@ad
generation systemof the self-servowiting system Al so shown in Figure 5
is an optional ext oo frob¥rid disk 2155/0-ceRtpliegrasipiatns Sorenasitigning seidfispd t he
writing of product i ] 296,081 dohgik §asi Ng
scrvowite tine bu'trécﬁr%ngl? %gﬂéegggf}@%?mgs‘f@?fgéeﬁﬁﬁt@er of 'gg%sﬁ g“urfaoes are
present w thin thedifesdacé bét@eandrefdrence egiveianm 20dl a deedsicead ethtive pbdithorng mar ks
and product servopatterns are too short to allow product seryopatterns to
be witten on al | @vefarederived fom feadbagk sigralg fromy E’irﬁ’ﬁg interaptingwith 38id ge ous

to use higher scrvgigaigisdidpi Ng this extra

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
i 16.  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.

17.  The apparatus of claim 15 wherein the measured position waveform is

representalive of at feast one revolution of said disk.

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

bascd on measurcments from at least onc track.

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

of said successive tracks.
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revotution.to take advantage of the [ower TMR The decoupling of t he
pr oduct servopatt n and timng mark witing can al so be
addi ng an extra r dié aedd to just this process_ctathe hl
conbining it with t on procedure. In an errborm\ﬁt N
I ncorporating digit y
reference it is possible to achl eve reduced TMR perfor mance tines.

This eliminates sone of the notivation foft decoupl i ng the product
servopattern 41 witing fromthat of the radial propagation burst

desi rogbi o al {01 nalt SoRH L i AR FEnpRiat: R RR Rl RGP0 Tort

a PID (proportionainctibmisegicalless €mional i ve) type of servo Ioop was

i npl ement ed using a personal conputer together with a comercially
avai | abl e data acquisition plug-in-board containing tining control
circuitry, anerDC

An ap%aratquf‘or 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



Toget hermihul tude denpdul ator, a VCM current driver, and a gated

oscillato he systen1mas'nooked up to an |BM Spitfire dISk drlve and t he
6 burst pr¢ e as descri bed above (includin N.
timng mar ocess together with a phase enco e6H§%#vd: %
generator. n addltlonal conputer) was carried out F&EFRY

vari ous servo Ioop paraneters. Such a syséemis suitable for tse as an
external servowiting systemto be attached to the disk files through an
el ectrical connector, but it is conceivable that the circuitry can be

reduced to just afeW|nt ated circuits to_be, included. in ever isk file
for conplete stanﬂ‘c%ﬂ‘dﬁﬁ‘e"aicg'ﬁaﬁ'% SBYre s F‘l’f"’t"ﬁf’g"‘i%‘f‘\/%mf'oi‘)' at cﬁ%mé'ﬁntrol

vol tage equal s t hguSbM®ificlent;anBr Oportional gain factor tines t he PES; 2)
an integral gain factor times the sumof all previous PES readings; 3) a
derivative gain factors tinmes the d| ffer ence between the present PES and

the PES fromthe precedl %Esect or. Se t%r qal n . factors are the servo
paraneters that al"eeRY fauf ‘E%@I‘ﬂ'“&?‘*‘i jEeTede FORNE LRSI 09 A MPBUD AYEAES he

ratio of the posi {drGencs i8R oS PAMSGerbfte dvavBbAf ENCe | cvel nodul ation at a
gi ven frequency). The closcd | oop response at any frequency can be

determ ned by applying a known reference | evel nodul ation at that
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 rotating 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 pnsitinning 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



frequency while neasuring the position signal response at the same
frequency. This—cam— 42 bc acconplished without extra circuitry sinc

conput er t hat. ThisSiebtiHRSBeeARedlde& di gital servo controller d““:%ﬁ-%/}@aém
nce table val ues. By Fouri '

real time positf has the capability of subdtTW&IHg "
si nusoi dal | y sT o g
series of positi di ngs obtai ned while applying a predeterm ned

s}
ref erence tabl e nodul ati on, the'magnitude 6and phase of the response can be
determ ned. This process can be carried out with a representative disk file
usi ng various conbi nati ons _of servo parapeters. to find those that proyide
the required propeftif] kap™nSaring. PMburEREtdgviadien FdeimRstion 1 BEWaRHEF I ty at
all multiples of the &Rl M daRNaiHIKIY PBGNon WA 5418 AckAthdnCiRREhMidedncodediin
property is met using relatively high derivative gain together with -
noder at e i ntegral gsidsecand phttssinpr oportional gain.' Not all nultiples of the
rotation frequency actually need to be checked, only those |ying near the
peak of the response '

26. 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;

I3

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;

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



curve., Typicattyony—f+requencies up to about 5 tines the rotation
frequency'ﬂh@h&@hﬁ%ﬁg} fd o,.relatively large changes in Servo
val ues prod e changes in the cl osed | oop r{g

br oad rangemﬂﬂ%ﬂlﬂ araneters exist that provide bot}
cl osed | oop ' than unity. This nmakes finding fjood pa
fairly easy, and-allows breathing roomfor_yariations fromfile to f| le in-
such paraneters as head width that can effectively change the servo gains.
Al ternatively, standard nethods of servo |oop analysis can be used to
calculate the clo Sadfeli &l gai ns
along with a mde%eg?rhgﬁglg;gst%ﬁbg@ grﬁmf g‘g&g‘rﬁ tmq%%q?he&'i(gg? s?fgfgemmtnhgm

cal cul at ed resul t sicad s baid imtmaizdiakepasitiop tnamplilades withagidredd iahsaiheelogtadner
descri bed above. The .cal culated transfer functions for two different sets
of propagation paﬁﬁﬁﬂ ®rs that were used in different tests of the system
are shown in Figs. 6A and 6B. The dots are included to highlight the first
fewnultiples of tile disk rotation frequency. In Fig 6A the proportional

and integral gaing %ﬁzﬁu@iﬁrexs'sﬁﬂbnmhid he b ErehbRing 8lchy PidVEatlQENTDEsYRC h

acts |ike viscous danping) is nade |arge,
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.

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

28. 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.

29.  The method of claim 28 comprising the steps of:

I



43 but: not . Iarge enough to cause the closed |oop transfer function to

exceed uni ty operates with only about 20% hi gher TMR t han
t he act ual proH Wth this system radial prop VeI«
16000 steps is out significant growmh of track hEﬁ’je %mns;,\\‘\

(I ess than about 50 mcr0| nches peak to peak), and wi'th trac
shape differences of only about 5 mcroinc rmse. Wth the para
shown in Figure 6B the TMR drops t o about %l ess than that with the
product servo | oop but the closed | oop response is driven above unity at
both tw ce and thrgs 0 nfr

inability to succesg’{?ﬁ%hf’@sm am%"{ué%g’% eyo gﬁbmﬁ Yu}r(? ?wﬂ SPoc'ePovvth of -
track shape error suumbds 6f lﬁﬁd’pﬁﬁdegrﬂm&:blotsssoltﬁdwﬁ[tdna’éﬂﬂtlhglaI'BlugilﬂirEa gBen slosvhi ch
the circular diagram shows the neasured track shapes for the first 60
propagati on steps a\Geh “H%‘P?fg"ftpﬁ‘e’aé?to’ﬂé&é’ﬁ P! s mersolstotsidgnre Gl The
track shapes wer e yRaskiiQ sl BRGELN et 3 Rl reddifin EQRAGalri o Sraffiigce and
hol di ng the actuator at the average trac ocation (using only a weak

i ntegral gain ter rdges of behdairst avithowpiptefforenealvdm priep hyatsiinthat skek . The
normal i zed

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 posiiion in which a fraction 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 calibration 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 nominel average reference level rcduc,tiou
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;

R



readback- a.rrpl ﬁﬂs&awplﬁdthe 120 sectors were then averaged for 100
revol uti-ons o imnate TMR effects. The resultln R
were plotted a M“Du ions of circular tracks. Thy '

by a factor of e t'rack. shape errors nore c eﬁﬁ‘ﬁ

radial deviation is plotted 10 t'i nes Iargér than the cor :

track separation. Also, the circles are also spread over & nuch greater
apparent radial extent than on the actual disk, wherc, 6Q steps represents
onl'y about 0. 4% ofcopligwieg te selipropasatian £ord Jesqndqredsiesmined ﬂlﬂmjafr%f sieRs afiefns
the first 60 propagatl Y bR iddSIBQdbRSs Pgrg,qgg@gém paranmeters of Figure
6A. Here the track shape errors are basically random and show no grow h.

44 The data plots in Figure 7A and Figure 7B show the nagnitude of the 180
Hz frequency conponent (2x the disk rotation frequency) obtained by taking

the Fourier t ransfrepcmiog tielseepoval/ elfqromgationsist icralibaftion kgery 28idsemndr s  of

readback signals aroynd each track.
um er of steps until servowntmg is completc

30. 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 positionfng 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 *



180 i thIS c

In Flgure /B, ttﬁmem etd| oop response has a negnitude of 1. 029 at

o] rapldly rising from about __ i
about 16 m croi ﬁ: 60 steps. For the paraneter%n éﬁ?qgga EBN
grow h i s expected, and none i s ‘observed. _,An enbodi nent whi ence

track corrections are conputed using dlgl?al filtering of the PES recorded
during each wite revolution was al so tested. Setting the servo

proportional "gain (.4 %th b LA %ﬁﬂ%nQ%'ol'ﬁér}alXFthg%lP%m beaiin A0, 4000

respectively as in gure e” great

than 1 at the firstiodp diuht hpltekp@f pidpegdtivhat i on frequency, with a peak
value of 1.31. Using filtering calculations up to the 8th nultlple of the
rotation frequency with the factor f calculated so as to result in a step
factor S =0.9 uenci e pr atLo S,. of .1 e c e
carried out wi out’l\érﬁ%%otdgrﬁf feéY"Wéﬁﬂf‘Br“@‘ ik ‘Hb"ﬁta lécggrﬁr(f?%dr?fg‘ %ﬂh ¥ia
peak-to-peak at nDsk; anMdtdedeit fof Pesithdnidgethe Heddb2diaRy KitRRHE&Pedt i@ Ele dlSk and a
corrections, these servo gains wuld have prevented propagati on beyond j ust

a few steps due tosexpleenien entrelling posiianafithe autieater, gomeprisng the siees oft ne TMR
to about 50% of the typical File TMR and result in substantially inproved
random track-to-track errors in the servopattern

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.

32.  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:

i

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 cireuitry for measuring readback amplitude of written

transitions on the disk;

U



PHYSI CALLYT§ PATE.
has bccn as]EEé 13 o ﬁ cedacor ding read transducer and

are one and | n.the typical inductive read/
comonly useé: ransducers enplgglng separate
el ements such 45 as the so called MR (nmagnetoresistive:
cone into use, and require special attention with regard to the

determ nation and gt/ fo@itoﬁﬁ@&é’é}ﬁhhﬂ'ﬂcm&ﬁg%c%ﬁ@&l PMudbr Babsckof nomi nal
average reference val ue settings. Figure 8A'I's a diagramof such a
transducer show ngampliuddsfand disktrefeicatertsackfvaiuess read and wite el enents
along with an offset between read and wite el enent centers. Figure 8B
shows a plot of how the nornmalized read back anplitude varies_with the
posi tion of .the aclURRAL o Bl farchBhAARLIEIPARk Amblifigebydlr POSI Li on
during the wite. e actuator - enent required to reach & particul ar

| evel of anplitudecdrespuidingrorigapefutisrack atnlpétuneaad wdth, wite

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 disk 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 positi('ms, 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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wi dt h, : and soffset (and which direction of notion is desir_ed) |t I S

desi rable thg(ﬁj. -pe ropa atlon ‘track spacing. be determn Lﬁ
and wite w ' aced f oct ed by the offset in thg e

particularly i ﬁ - the apparent offset changes &

actuat or sweep ' errmst to the innernost track |nad|skf|Ie
(the spatial separation of the.read and 6®#ite el enents al ong the actuator
armdirection leads to different projected |ocations of these elenments onto
the disk track as the armrotates). An inportant aspect of the present

I nvention is the incorparali I endence
on read to wite el't ecrr%ﬁ&“g%?@gtsgﬁ Hﬂgg‘ﬁgﬁﬁg‘r‘é{gﬁég drm"ﬁﬂr‘ggg‘jﬁ%m&“gﬁp

know edge of the precise geonetry of the head and Whl ch can be achi eved
solely through neasurenents of readback anplitudes. Figure 9 is a diagram
of the 6 burst profgat f%ﬁfeB‘a‘E&%F?F‘%%‘cﬁﬁﬁ%g'gt‘ﬁé’fﬁféﬂé?"?"?ré"‘l"dﬂ?éﬂ&§9ﬁ‘§°'df’°ﬁ he
witten bursts in pRgLtant for
disk file data tra? 2%3%“?‘E€S£ﬁ9&?gon a ehlr?g({;eggré ﬁ“ﬂ(a%ﬁegi ?“‘%8‘} acent tracks
shoul d have a specmiritﬁenaﬂmumﬁrsmfraaﬂqmanbnefmemcﬁ hiéaTﬁtsOsa\oﬁstdred\teﬂewncdl ng of

data on one track by a head that is supposed to be on the adjacent track.
For exanple it nay 2B@HEHSST mgtime shorter ghagdpg interig! ibetwsgn H“‘iﬁ?sof#a OSSR hcks

apart and have an erAgGHRRAR RGhURGR (W ihfeh B althA6Kto a second of said radial

positions such that said posmon error sxgnal 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] *



edges ,of .25 per cBii Shedt Had WeeslRéphacddr ack pitch. This is the

i1 lTustrat ed in Fi ._ ere user data tracks arejshowr:as
| ocati ons corresp - ﬂ Fgat ion bursts Aand E. Inithis .cas ,
propagati on bursts -_ eps apart, such as A and D-have:iheir: e
just lined up. If the read elenent is posPPi oned so that the relative™ ==
anplitude fromburst A equals the relative anplitude fromburst D (the A =
D position) then the relative signal is 0.50 if the edges:|ine , greater
than 0.5 if the ed§¥BPIENRS 9ispid & GmF‘é‘s%fs?‘ﬂé‘f‘ntcﬁ‘.aka"l“l’a‘?'h‘g’ SBifguat ﬁggé space
betwgen. Thus, "t he ,b&lid t¥h AR iphieiRy JF bhiB8 528 nPAThihOfbskhidn BBin ReieAt O
of whether the propagation track pItCK Is too small or too large and can be
used to adjust theahamexpredetceninge timefdelag fallowingeakh abwdl pluralitsgofphuspagat i on

t t th itch, If th b | it ar | i, 1y with
posi t1 on_(a fai F1y P68 S5 BRTAFHOR)POTHEM St QSF HEhE T ARG ERE RO be
average reference beyglettQin®! ROAIRY revhOGImpIRud STl &84 pRrality 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.

i 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.

ll!lll[l IR} AR



obt ain the correct spacing can be conputed fromthe neasured relative

anplitudé §t the A= D position. This can be seen by noting - n
reference I'evel by an amount t results in a change in the re? Pf“l%g‘?jj;ﬁatgl\'
3 st =

anplitude at the A = D position of 3r/2 because each of thg

o)

contributes a spacing change equal to r, antd t he change i s shared equal ly
by A and D. The nomi nal average reference |evel should therefore be '

adj usted by am7anoypd agfasals 6(tl@h35qh Wit tHeviankésan s@fcdl BRrdned ahpNQdes
anplitude at the A =D position fromits desited | evel. The method of the

present invention e@ifesens appachisectorandonr pomBkiechusingtored valyprodfshe aeitioni t i al
nom nal average re%g%_%gkﬁgl %sgk%gnrr%‘gyp%&%qzﬁﬁetp%?%?Jqﬁénd?natégle&ﬁst(&as%nt@r ein

this case). Next, oca ative anplifude of
an A burst and D burst arc equal. This is acconplished by tenporarily
re-defining the PES to be the difference between the relative anplitudes of
the A and D bugst sa d.hdd}g,etcbﬂpﬁgﬂ,gatl ve anplitude of A ( or D since they are
now equal ), conpute the correction to the

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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47 propagation nom nal average reference |evel as described above and
continue propagating. Preferably, this process is repeated;y
the very beginning -(in a region that will not be assigned thH&BSHﬂataAomQEN
initially set the reference level to account for the partiqul ar rgadsben
wite el enent offset. Changes in the offsegy,due to rotati on-eF—Fhe-actoater—
can be accounted for by repeating the process at regular intervals. In
experinments carried out with the systemdescribed above, excellent results
wer e obt ai ned4By repettadfgr whitisg patEcmsam aememyocwnqomonpavgauqlumnsa bpsl, fn?rhe

rocess was act ual.l avera r. udes
Phe a0 B ok dpiirERte bR <Y e o5 AR0aR s LSRR hAT AR The
conput ed correcti qeshd Reditig, irﬂfr@é’aﬂﬁﬁﬁchl&vr?'sam&ﬁ‘d aPplite @d afd@edadlihBBndtdn
reduce the effects of noise. Since the reference | evel changes very slowy,
there is an advantfegesaié medivm, semptisngcide sieps ¢fons build up slowy as well.
Thi s nmeasurenent and corrcction process required 11 revolutions of the disk
and was perforned every 40 propagation steps (which take 120 revol utions
since each step reg! ze .and. a step revo i.on), hence

it increases the Setl\)-nr esit?@\éﬁopn%dcsvwsgragpa%oﬂg 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;

This Sheet Has Been R laoed
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9% Fiwgure, 10A shows the nonminal average reference |evel plotted versus .
propagation step number for a full run of 16000 steps, andjE=gure 10B shows
a plot of the relative anplitudes at the A = D positions (| Emaqed4M7717§~w-g
E and C= F) neasured in the same run. Here the track pltch]mas chosen..to “o=PeN |
snmal l er than that shown in:Figure 9 (the 25% space betmeen mrr??en;daLa“m‘“.
tracks shown in the figure is actually hi gh¥r than needed) so that the
desired relative anplitude at the A = D position was set to 0.625 rather
than 0.5. It can h@ﬁﬁﬁ%&h@&&&b&ﬁ?tﬁ@%wggt@n%bmomwmmmmrd' ng the
track spacing constant (as determ ned relative anplitude at the A= D
position) by syst ejtestlmaams cheadpmmfonm@tmhecmawpagm(rfohwat)m pidaidalyed dgan
reference | evel. er of variations { met hod aresgo ibIe

e ol roady moted T oS a0 EE A8 PTRiE bR R B ey be

set grecater than Ghaeehdd 2641 axeslaeedtlscgmbﬁnmtthrsa@kdesﬁa@ﬂ PBornfitieh BRCod¥d Il ation
is to use the A = E position, C, or sone other
said second patierns

Sheet Has Been Reﬁaced
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conbl nat on rather than A = D. The choice would depend on_the ratio of the

tracks as well as the relative widths of the read and 1] EﬁEHF\SBEEN
Referring to Figure 9, note also that the choice of ho F'lﬁ!?ll-éﬁﬁato us
In the propagation pattern depends on théde sane factors. The
requirenent is that the read el enent be able to read a particul ar burst

wi thout interference fromthe next burst over (the one in the sane slot)

several propagations tracks away. WRI TE ERROR CORRECTI ON The use of speci al
servo | oop paraneters (those that keep the step-to-step error anplification

Loget ner w th TAPIRLSEE-PROPARNIONEAETBRNGENERATORLEOR, Pis HiE

wites |oads to great benefits in | i VtaﬁFrfﬁq rowh of errors in thc
propagation track shapes. Al so, the trac 0 Track shape.diffcrences are
kept | ow by operating the servo wth paraneters that provide fairly good .
rejection of nechani cal disturbances resulting in |ow TVMR However, each
track stiABSTRACH ns sone error due to TMR from such di sturbances. By its
nature the product servopattern is designed to encode relative head to disk
posi tion.

Writing patterns on a disk drive (20) is disélosed in which a position error signal (PES) equals
a difference between a reference waveform (R) and a measured relative position waveform
(X). Servo patterns are written on successive radial tracks and the reference waveform (X) is
derived as a function of a closed lobp transfer function and a measured position waveform (X).
The frequency dependent servo loop gain is set so that the closed loop response is < 1 at
every integral multiple of disk rotation frequency, yet is high enough to reduce mechanical
disﬁlrbances. A series of first patterns are written along a track, the head (22) is displaced a
known fraction of a track to a displaced position, and selected ones of the first patterns
position information read. The spacing between adjacent tracks is adjusted without writing the
entire disk (26). Deviations in demodulated position signal arising from random placement

errors in servo patterns can be cancelled.

Fig. 1
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Thus;. a witten-in error duc to TMR duri
ultimately translates into a correspondi
measurment obtai ned by the product servo
subsequent file operation. An additional

is a technique foBectediiing the effe

of this residual

H che servomwite'process
crror in the radlal posi tion

b

pattern denpdul at or H EE%E@Q;@EEEN- ”

feature of the presg
T on.t

the idea is to usc the PES

shape of thﬁe@dod cty sqrvopattern.
of 49 t helefesbagdt [ dn servo | oop he product servopattern as
it is being ittgniip avvaythat r I ncel l ation of the effect of
the witten=rjp-po iti'aq eryor--when--t-he-servopatter - B ent-ly read
back during il e qgperhtji onS The techni que invol ves&)EEh taaj%‘%rvowrl te
propagation procegs{ahg th tadpadit Oemer eadback s riilng file
operation. A prefgrijeflitype of nodification of the seBvamattern that is
easi |y decoded by the disk file during operation and si n%?/ ir%)éxrent ed in
the servowiter is time shifting of the servopattern rel Qe he servo .
ID field.

sector ID pulse ' F,g_ 13B

rectified readback

integrator gate

integrator output
ADC trigger

Fig. 13F
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As a first exanple of an enbodi nent OEZ this process consider an anplitude
burst product servopattern. In such a é’é‘vopattern t here ar-F_—i%l—aal—Ly-_z__aL__,
more bursts of witten transitions detected w thin specific|jtTHiB SHEBr34AS BEEN
following the servo ID field. Figure 11A shows a sinple twoljburstasmiam=n
pattern in which the desired track location is defined as the—F FHrer—at————
whi ch the readback signal fromthe A and B bursts are equal. In a
conventi onaf” Servopattern denmodufpLes the readback anplitude is sanpled and

digitized near the ene Fi gnated burst tinme slot and represents a
filtered ave itude. Figures 11B to 11F show wavef orns

associ ated it 23 /eféihnl que of3Q he present BBvention an
Figure 12 i e circui i nvol ved. e readback sygnal
is detected i fcui - aaTrepfy donvetToHR demd 1t
t he out put i nte RfTUTT 3} g 'Oﬂm}d
by the ADC. ' prtglé éﬁ"Z\T:ta'itin‘i ,36 gl‘,.\,%’i frofn which
the fixed i pteyrator gate $ Al s{ and i dger signal sjare derived using
del ayed doupl e Wul se gener atofs. Irhe NG g et E_at ed
i ntegrator putputN i pA he fHYF} dge-jof MKERQBROCESHGR gat ¢
edge serves pr_tizerales ISEQUENSE CONTROYLERZ ey
burst anpl i ed ' 33
31 40\
) 1
AMPLITUDE  LIapcl—-DIVIDER 42
DEMODULATOR // 1
/ / ™ 36 SUBTRACTER| 44
277 - 24 28 4 R ed
VCM | DIGITAL
DRIVER [ 22CMT  servo
~ 46 CONTROLLER
| 28 4
Fig. 1
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r eddback S|gnal trnes t he anpbunt of tine overlap between the integrator
gate and the detected burst signal. The rectified readback amplitude
changes with the radial |ocation /@F the witten bursts tod A [
the TMR during the witing. By intentiionally altering the tijjmre %“SS &ﬁF%ESEEENI_
burst is witten relative to the sector ID, the anount of tv““'“““*
between the integrator gate and the detected burst signal’ can be adjusted
so as to just canccl the effect of the TMR on the rectified rcadback
anplitude, resulting in a digitized burst anplitude val ue that shows no
effects fromTWVR during scrvowiting. The time of burst witing is

adj ust abl e through thc use.of the timng delay unit inserted in series with
the wite data fromthe pattern generator. A digitally progranmabl e del ay
unit such as those manufactured by Data Del ay Devices Corporation of 3 M.
Prospect Ave., Cdifton N. J. provides the requisite rapid and precise

adj ustnment of timng delay under digital control that is needed for this
appl i cation. :

102 101
I |

s

last sector

......................................................................
......................................................................
..............................................................
...............................................................
.............................................................
...............................................................
el crecescecesantccnctncsasssssckede o o efevvvstaanccrrnrascansassccnsnfjed.
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--------------------------------------------------------------------------
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The’ rrethod for corrputlng the proper delay is illustrated in Figures 13A to
13F which show a situation in .which the A burst |57.F:aﬂi:&lzlr.¥:ﬂh§.:p_0_§_m oned
due to random TMR during.servowiting. 4 lfaccordanﬂe'thcquhmm g@g@tu

i nvention, the tine at which the A burst! is wittelf is shifsedemel atlj_e to
the end of the servo IDfield. For sinplicity, it F&assured-that=the)
readback signal varies perfectly linearly with off track position. Suppose
the radial position error is a fraction f of the read element wdth and in
the upward direction as shown in Figure 13A. A g?&g estimate of this radial
position error is provided by the PES af the sel ropagati on servo | oop as
measured for the propagation burst reglgﬂ,_\g;pc recedi ng the product
servopattern region in which burst A ils—witten. For pattern propagation
proceding fromthe top down the pattern pfopagati on burst (not shown in
this figure) would have its d-ower—edge—coltnci-dent—with the desired track

| ocation and an error in pogitionwnEhgevovarinli rect|on woul d produce an-
increase in the readback anglitude of the propagation pur$82 This produces
a PES readi ng equal f sigce YRBOPASABONRURSESt i onpl fef erence val ue

m nus the normalized]readbagk anpiMINGIMARKSe product servopattern A burst

normal i zed * PRODUCT SERVOPATTERNS
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E1

51 readback anplitude is shifted by -f aE?qg i.e. Qi ﬂﬁ
shoul d be because the burst edge |ies above the cen¥ 8f9%§§ﬁﬁ§90r
tor

Si nnal

transducer. This Iomers the slope of the |ntegrated
out put si gng—a e e
the digitized burst a I tyde val ue be r stor d to rrect value

by shi ?ti ng{the A bur ‘Ch’hj teﬁas&ﬁ)eé @M”@rg' Oftégé wher e| Tis.. 160
t he usual ovyerlap tinme when no shift is applied and V |s the rectifiegd—-
readback amplitude (normmlized 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 |ocations where

the A and B burst anplitudes are equal and the witten burst edges are

aligned as-in Figure 11A Errors in the B burst radial position can be
cancelled in a simlar manner but the tinme shift nust be opposite to that

enpl oyed for A burst. This arises fronltye fact that the upper edge of the .

B burst is ysed—rrsteadofthetower—edge—THUS an upwar d - position

Multiply the coefficients of the discrete fourier - ____162
transforms by f, the reference correction factor, >
to obtain the digitally filtered reference correction

|
|
I

Y
Calculate the inverse discrete fourier transform
of the digitally filtered reference correction to obtain | << 164
the time domain reference correction.

i

|

Y

___166
Add thy _lme domain reference correction to the nominal | >
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t he product servopatternjutilizes both

edges of a given burst to ferent track |locations, prf fp
bet ween-track position err ination. For exanple tﬂe I gwet {edge of.
the A burst may be used to e data track | ocation | cppjjuncti on
with the upper edge of the whi | e the upper edge df| burp I s used
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as segn at the upper edge of burst A
S|gnals for these alternate eclge |oc

burst and ends during it
after it. Thus,

this way,

serve to cancel radial
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propagation pattern at cach step.
'servd loop will attenpt to follo
while witing the next step, so
all patterns (propagation bursts
next step. This is cquivalent to
| ater. As nentioned previously,

nodul ati on of 8¢
themis giv by
i mge that i® caf
| oop respon$g P8
applied to the Y
errors is té¢sadj
position errorgs

the closed o
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desi're{i propagation track. Just as in the cayeqof the corrections
producty servopatterns the known position errors during =

t he RE$ readi ngs of the pattern propagati on servo | oop ﬁHIS’l%J%j‘Q
revol ution. Referring to Figure 4B, a nis-positioned pripbpagati® t
causes’' a change in readback anplitude by an anount E ch mservo PES
by an amobunt -E. |If the reference track value R were increased fromits
nom nal average val ue by the sane anount E, the net result would be no
change at all in the servo PES and therefore the witten-in error would
cause no actuator response at all. Referring to-Figure 4A and bearing in

m nd tihat the propagation proceeds in the downward direction e
see_n__tghat during t-he é\géé@ Qg &he m s-posi tioned burst -///’/’/// '
transducer was shjfte FRACH oM Pl SOMPONSYTi n- a reagy

t han the desired®yal uelSERV: ELOSEDREDRIs ©1960r ef er enc 7.
signal; the PES during the wite would have been hi /
Thus, vvritteng)n prrors can be elimnated fromthe / 7
by addi ng t heaB$|val ues obtained during the wite /‘."/ /
nom nal avcrag® rgferencc value to create the [’
on the next stZp.{This process of nodifying the ref gy
descri bed ear Zeefin the it
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di scussi‘on of error comnpouil-di ng. Iprrm?g}%@ si npl est enbodi nent the reference
table is corrected by a factor f ti the PES recorded during the wite
revol ution. Fromthe above discussion it is clea T %1;?}_1}% qp_s&,_qutjectlve
efror cancellation is achieved with this factor é{!} [ er, the
i ntroduction of reference table corrections | eads -___.-54-:md+-£-4 d
stability criterion in which the step-to-step error anplification factor
S=C + f(1-C mnust be less than unity. Fromthis expression it can be seen
that if f is exactly 1, Swll also equal | and errors will not decay. The
choice of f is determ ned by a trade-off between nmaintaining an acceptable
| evel of absolute track pon-circul gnity and the fact that the random
track-to-track error canéellation fgﬂmade lessleffective as f is reduced.
Anal ysi s shows that the EEERNCINEEEERRSNSEEER 0Ny, StaadrBemant he
servopattern are proport iEGGGEEEaR——a———_— (1-f). Thus, while f=11is

best, very significant random er rQr; lcancel | ation can be achl eved just by

being reasonably close to 1. The
3 > Write Element  ~

W, -

T

Fig. 8A

-
o
1

Normalized Readback Amplitude

e
o

0.0
Actuator Positicn

- Fig. 8B
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anal ysis applies in the nore sophisticaf, geenbodi ment enploying digitally
filtered PES corrections, where f is a vector of conplex-val ued el enents.
In this case one woul d choose particul ar val ues of thg=erewent f—the=gt ep
factor S so as to result in all elenments of f being a T(tﬂ%@ért"b A%éﬁEN

possi bl e (provided the magnitude of Sitself is kept || ess tHERALFD At
hi gher frequencies, where f=0 as a result of truncati ~the Fourter —
series filtering calculations, the randomerror cancellation will becone
ineffective. However, in general, the TMR itself has very little high
frequency content so a loss of effect_in this range neans very little in
terms of the total rns errors. Inth | ternative enbodi nrent shown in
Figure 5 invol ving decoupling of the iting of the product servopattern,
the PES used to nodul ate the productf,defjvopattern woul d not be the sanme as
that used for conputi he referend gbl e corrections. O her nethods of
nodul ating the produc{r tern gt ow random TMR cancel | ati on besi de
t hose descri bed above Vi seq L|ose skilled in the art. Exanples -
i nclude nodul ating th dieati on of anplitude burst

112
<
o
=

patterns coupled wth a ding detg@fifon circuitry included in the
product servopattern r. Thelnpvell aspect of the present invention
consists of using thg[rddl 1 D
1111}
User 3
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!
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55 PES signal (luring scrvowitin ﬁg/ all ow correctio STt
position errors as they are witte he m)dificatio S\Lé\ghASBE.‘:N
sel f-propagation reference table val ues based on t ‘5% Rh-si_a{:tant
for achieving the desired reduction in track to trd , JdpEe errors.
‘This correction is fed forward in tinme for track follow ng at a subsequent
step so it differs substantially from previously descri bed techni ques for
snoot hing of the refgrence table val ues based on averagi ng w_o,ver
several revol utign gthile track followi ng. The purpose o orrection is
al so very differ@nt tfhan anything described in th Oor art since it is -
specifically dest'gned.to reduce randomtra track errors and nust be
coupl ed to erroricandel lation in the uct servopattern in order to be
effective. It wZl olsg- understo at the present invention may be
generalized to te wli atterns on a nediumthat noves repetitively.
Whi such notion{Hay donstitute

=

o
»

PROPAGATION RE
o
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P %

successive rotations of the nedium as de/ri?c bed above it may al so
constitute any repetitive notion includi Fectil eci procating
motion. Thus, any medium may be decorated over an| amgasusi-Rg LNe,
propagation principles described herein. Cains: 1. . Arret‘n%gﬂ; or
servowiting on a storage nedium of a storage devic&-having .a transducer
and a servo |loop for positioning said transducer with respect to said

st orage nedi um sai%eatetliod conpri si NG wjting one or nore transitions on
one track of .eegd ural yty,of tra of sali Ei”rg‘t orage nedi um whil e servoing on

anot her one &HeMBRE [ttanditions preyi I ded on said storage nedi um
and deriving afyefenephce jwaveform a f i of a closed | oop response
of said servo floop-an{l | jposi ti-on error “wav: Y- o ¥ tyigry jerr-or

wavef or m corr esipondi{n on% or nore position erro?r ﬂ(ﬁ;ﬁ q:Hnsducer
B burst

relative to the another| qne or-Datadrack Center
Fig. 11A

(0

D2
0.0

sector ID pulse l ' Fig. 11B
rectified readback — aj L] L Fig. 11C
itegrator gate —— 17 "LFg 11D

integrator output

ADC tﬁgger L Flg 11F
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transiti ons, wherein said referencey, ormis usable in witing
subsequent tracks on said storage nmediu 2. The nmethod of claiml,
wherein said closed | oop response i s frequenc - in said
net hod further conprises frequency dependent Hi}ig/ckogT rofsssaiEN posi tion
error waveformfor use in said deriving of sald refeJ@nce-Mavefdrn1 3.

The method of claim 1, wherein said deriving tuether-corpri$€S-usi ng at

| east one previously recorded position error waveformto derive said
reference waveform said previously recorded position error waveform bei ng
in addition to said position error waveform 4. The nethod of claim1,
wherein said servo loop is defined by setting a non-zero frequency
dependent gain of said servo | oop, wherein said setting provides said

cl osed | oop response of said servo a ndgagEtate | ess than unity

c
at every integer nultiple of rotati }?f%ﬁgﬂﬁgy of eouipdt st orage nedi um and
rac

servoi ng onggahdrgAe or mﬁ.Le_.L.r_a.nsM on_said onArack and JtJ ng said
one or nDreRééoqg,ﬁbtl ops Q lf‘enc%ehre V\@ g

K @aap Y210 g9p©1 ! oop sai d
noN-28M0 " Transducer Integrator EADC’O"—'"’ Burst
] Amphtyde
Integrator
gate
Delayed Double .
Sector ID | | {Pulse Generator | - "\, ADC trigger
Detector
Delayed Double
Sector ID Pulse Generator
pulse '

Fig. 12
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fraq&eﬁty dependent gain. 5. The nethod of claim1, wherein said
deriving of said reference waveform conprises: 57 cal cu at | east

| east one conplex filter factor, f, ?/ y creatlng at Ia' . 7fHAReﬁQ@
coefficient; and adding said |nverse di'sCtete Fourier transtorm 1“ (O - ST

nom nal average reference level to forn1sa|d ref erence maveform :
met hod of claimb5, further conprising conputing f froma predeterm ned

function of said closed | oop response, C 7. The nethod of claimé6,
mherein said conputing f furhiﬁ' conpri ses gg
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usi ng an equation f=(S-C/(1-C), where S conprises a step factor and has a
magni tude | ess than 1. 8. An apparatus for servowiti, on_a storage
nedi um of a storage device having a anducer and a servo | 3Rof K. -——j~q
posi tioning said transducer with respect to said storage]nedlunj“shfd HET ]
appar atus conprising: neans for MW|t|ng¥q e or nore trangition eﬂnﬁ !
track of a plurality of tracks of said age nEdlunlwhl|§»SEIV |hg on
another one or nore transitions previously recorded on said storage nedlun1
and neans for deriving a reference waveformas a function of a closed | oop
response of said servo |oop and a p05|tﬂbn waveform said position
error waveform correspondi ng to one ion error of the
transducer relative to the another o r ansitions, wherein said
reference waveformis usable in nﬁgq%aﬁzéguént tracks on said storage
medi um 9. The appar at us of cFQas n said closed | oop reponse
frequency dependent and wherein sai apparatus turther conpti ses neans for

frequency dependent filtering of said po$|rrUﬁ—Eqrorpmanﬁ%qrﬁfor use by
sai d neans for deriving.
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10¢ The apparatus of claim8, wherein said neans for deriving further

conpri ses neans for using at |east one previously recorded position error

wavef orm being in addition to said position error mavefoﬂﬁF**
|

apparatus of claim$8, said apparatus further conprising: || REBBAGEARKT BHEET g
setting a non-zero frequency dependent Ln of said servag | oop, ' !
said setting provides said cl osed Ioopsgﬁponse of said siePw8 lgo\mﬂ]@%/:‘lgﬁa
magni tude | ess than unity at every integer nultiple of rotatron rreguency
of said storage nedium and means for servoing on said one or nore
transitions on said one track and witing said one or nore transitions on
anot her track using said servo | oop set to said non-zero fregency dependent
gain. 12. The apparatus of claim@8, wherein sai 13ERNS for deriving said
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r of erelce wavef orm conprises: nmeans for cal cul ati ng at Ieir
coefficient of a discrete Fourier transform of the positl

y

conplete filter factor, f, thereby creatlng at | east one |dﬂ§wqp7 MAR‘BQB !
coefficient means for calculating an |n¥ se di screte Four=ee-traisform:- c
fromsaid at | east one filtered coefffli and means for adding said o=

i nverse di-screte Fourier transformto a non1na| average reference level to
formsaid reference waveform 13. The apparatus of claim 12, further
conprising means for conputing f from a predeterm ned function of said

cl osed | oop response, C 14. The apparatus of claim 13, wherein said
means for conputing f further conprises nmeans for using an equation
f=(S-O/(1-, Where S CONpPrisSes a step racror _and has a nmagni tude fess
than 1. 15. | ACABCORHUT'DISORETEROURIR PRANSFRORMOFRIPES mediline0
havi ng a trapsducer and a servo | oop for positioning said transducerf with
respect to sard

1
MULTIPLY THE COEFFICIENTS OF THE DISCRETE FOURIER | 162
TRANSFORMS BY F, THE REFERENCE CORRECTION f

FACTOR TO OBIAIN THE DIGITALLY FILTERED
REFERENCE CORRECTION

CALCULATE THE INVERSE DISCRETE FOURIERR 164
TRANSFORM OF THE DIGITALLY FILTERED REFERENCE J

CORRECTION TO OBIAIN THE TIME DOMAIV
REFERENCE CORRECTION.

|

ADD THE TIME DOMAIN REFERENCE CORRECTION O THE | 66
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NEW REFERENCE TRACK VALUES
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reci procating nedium said nethod conprising: witing one or nore patterns
on one track of a plurality of tracks of said reciprocating=-petrum-wail-e.——.
servoi ng on another one or nore patterns previously recordeeionssaisgs: T sHEeT ”
reci procating nedium and 59 deriving a reference wavefijprmas a funcb' n i
of a closed | oop response of said servg,loop and a positi qpi.'e-w-r:Q(.IMﬂ. bﬁ]
said position error waveform correspo@“@ to one or nore POSTtFEM SrF oS . i
of the transducer relative to the another one or nore patterns, wherein

said reference waveformis usable in witing subsequent patterns on said

rei procating nmedium 16. The nethod of claim1, wherein said witing

takes place during a wite revolution and said position error waveform
corresponds to a position error of said transduce relative to said another
transition during said wite revol ution.
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17.  « The nethod of claim 16, wherein said position error waveform
corresponds to a substantially instantaneous deternlnatrog:QL:§§¢g=Q93LLLon
error. 18. The nmethod of claim 16, further .conprisingcampuiiag: a~"ArrT
reference track value associated with said transition to'correct y?ﬁ
position error, said conputing conprisi addi ng a predetbrnlned racti.on
of said recorded position error wavefd ﬂg?to a prespecrfred~noﬁLﬂar-aveLage
reference | evel to obtain said reference track value. 19. The met hod of
claim 18, further conprising recording said reference track val ue. 20.

The nethod of claim 18, further conprisingstep g out to a new radi al
position using said reference track val ue?N\21. A pattern propagation

apparatus in a storage device, d storage defice conprising a storage
medi um and a transducer for |nte ting{with-dai4: st orage nedi um said
apparatus conprising: a pattern geget :to wite, during a wite

revol ution of said storage nedium a :

h sai d storage nedi um
whi |l e servoing on another transition: :
—
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previ odsly recorded on said storage nedi umy neans for determning, during
said wite revolution, a position error signal corresponding to a position
error of said transducer relative to said another transiti :
mermory adapted to store, during said wite revolution, SaﬂdREREﬂQﬂ&EHEFnQET

'u

signal providing a recorded position e si gnal used inl[co n

re?erenge trackgval ue associ gt ed with ?Fa/ﬁg trgn5| tion to édﬂr‘rEQV @Aﬁsjgﬁ !
position error. 22. The apparatus of claim21, wherein said posit#

error signal corresponds to a subsntially instantaneous determ nation of

said position error. 23. The appar at us of cl 21, further conprising a -
control | er programmeble to conpute sc‘y ﬁ/(? rence track val ue, said
controller conprising nmeans for addw@’éﬁzd eterm ned fraction of said

recorded position error signal to a
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prespeci fi ed nom nal average reference level to obtain said reference track
val ue. 61 20. The apparatus of claim15 wherein f e
closed loop transfer function is much | ess than one. Jilﬁﬁpi-‘ﬁﬁé@b’éﬁﬂﬁ'ﬁ !1 or
servowiting a rotating disk in a disk drive includin C{g head for !
interacting with said disk, means for _cgusing said hei__*_‘_i@ “HAR dBIRnd ::
read i nformation fromsaid disk, a sea/ggont rol |l ed act uat'ozri?%@""ss'*“‘
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 positi og—o\mvglc ormderived_from readback_signals from sai d head
i

I nteracting with sa“jdi sk, conprising. neans-for witing servopatterns on
successive radial tragks of said di ‘o010 sai d servo-controlled actuator;
and
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means for deriving said reference waveformfor successive radi-aF=tracks:-
based on sald position error signal fromat feast one preceﬁrﬁg“fﬁHFEKSHc_e
track. 22. "The apparatus of claim?21l in which said neans;for der

said reference waveform conpri ses:. means for cal cul ating aLP@as§ %XY@W 1995

conpl ex coefficient or the dlscreteﬁgyﬁéler transform of the poSitrom ertror
signal as neasured during the witi servopatterns on a radial track;
means for multiplying said at | east one conplex coefficient by at |'east one
conplex filter factor, f, thereby creating at | east one filtered
coefficient; T 62 nmeans for calculating the inverse discrete Fouricr
transformfromsaid at |east = rtarad. coefficient; and

oS e
A _—-:__:-:_‘.
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means f'or adding said inverse discrete Fourier transformto a noni nal

average reference level to formsaid reference waveform 23 The __
apparatus of claim22 in which, in said means for nultiplyl Rgo bk ESENT SHEET H
conputed froma predeterm ned function of closed |oop res n§é,'€f“6f sal d Q
servo-actuator. 24. The appar at us of m 23 in which fl| s gi - 1 )
=(S-0)/(1-C), where S has a nagnitude I1§£ét han 1, V\hereby-gr}fséﬂ}?gmﬂgs
servopattern placenment errors is bounded. 25. A nmethod for servowiting a
rotating disk in a disk drive including a head for interacting with said

di sk, an actuator for. positionin ,25:::fiffz%;g~!y wWith respect to said

di sk, neans for causing said hgs 5
said disk, and a servo | oop 7
with servo position infor
of: witing a series of f/
known fraction of a tra/,

Nt or in accordance
N pri sing the steps

\\?placing the head a
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63 sai d known fraction, and using said deviation information to propagate
second patterns at said displaced position with said deviation infornation
encoded in said second patterns. 26. A met hod for propa aFL 0,2

in a disk drive having a rotating disk, a head for interagt g %ﬁ?ﬁ sawﬂktT
di sk and neans for positioning said c;i?g@radl ally with re péct tQEeMkR !
conprising the steps of: a. witing f patterns on a fi et racks e ,
readi ng and storing anplitudes of selected ones of said first patterns fU““”
thereby store selected anplitudes; c. noving said head a fraction of a

track width and witing second. patterns corresponding to said selected -
first patterns; d. repeating step c, n tines for successive noves of said
head until said head
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redches a sel ected radial position and wites additional patterns; e.
positioning said head at an internmedi ate position between said first-track:-
and said selected radial position; f. conputing a first rat| @mwiA@mMQ¢nskﬁL f
of said first patterns with said head at said internedi ate 103|t| é)ﬂ¥§£ P
(D)a gJEM t S.... |

sel ected stored anplitudes; 64 g. fﬁﬂ@iti”g a second rat

of said additional patterns when said Is at said inter

to anplitudes 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 substantlally equal ; i. conparing said ratio to a desired
value to determ ne a deviation fronlsaid desired val ue; and
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] .. adj usting spacing between the witing of successive patterns so that
said deviation is mnimzed on subsequent repetitions of steps a - i. 27.
The net hod of claim 26, wherein the head has separate r ;
el ements. 28. A met hod for establishing and nai nt ai ni 1
spaci ng through adjustnment of the nonhgzi average refer 1l egel
servo | oop used during the process of é-propagation radt-ad D0 i
positioning in disk file scrvowiting in which the changes in sard n
average reference |l evel are conputed on the basis of measurenents of the
relative burst anplitudes between sets of bursts |ocated one or-nore radial
positions apart, such neasurenents being perfornmed by interrupting the

nor mal sequgnci ig process and backing up one or nore radial tions. 29.
The net hOdLL‘fOSJ-ai m 28 conprising the steps of:
~N
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est abl i*shi ng nn anplitude burst propagation pattern consisting of a
sufficient nunber of independent tine slots so that, upof it
in a given slot after a number of propagation steps equall RE*LAEMi Efk
slots, a space shall be present to allow the read el enenfl of gfz @ Rdﬁﬂﬁng
transducer to straddle the edges of eaghjgurst w thout i ntleate nte-from::

other bursts in that slot; using an initial estimate for ~Sard nom nal
average reference |l evel, propagate for a first nunber of steps, said first

nunber of steps being sufficient to allow the read elenent to be noved
opposite to the propagation direction to a gﬁhibr i n r g \bac iti n
which a fraction of the read el enent overla . EEE%
set of bursts in one of the tinme slots mhil n e frasglon B$\Jhe

el enent overl aps the upper portion of a second set of bur ts | not her

the time slots, where said first and second urs ten

pr edet er m ned nunber of propagation steps P‘anart bur ave
predet erm ned spacing related to said de5|r pac g su t hat

overlap fraction equals a predeterm ned deS|red ove ap fraction
corresponding to said de5|red track spacing;
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mowi ng*the read el ement to said calibration readback position and
performng a recalibration by determ ning a neasured overl fraction equal
to the readback anplitude for each burst divided by the c RSy alc
on-track anplitude neasured and stored previously as part Fﬁf'écEMENrsHE
sel f - propagati on process, conputing a ggr ction termto | non1na
average reference | evel reduction fact /égual to 2/P ti
bet ween said desired overlap fraction and said neasured overla
adding said correction termor a portion of said correction termt gag
nom nal average reference |evel; 66 continuing the -sel f-propagation

a second predeterm ned nunber of S s aftcr which said recalibration
procedure is perfornmed ag&rwc¥%ap ng the steps of self-propagation and

Lgﬁg:g?;étion every said seccggdgg ﬁsgr of steps EE¥|| servowriting is
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30. A nethod for cancelling deviations in the denpdulated position_signal
of a disk file arising fromrandom placenent errors in

witten using self-propagation for radial positioning Eﬁ#ﬁgp?hﬁﬁwgghEET
servowiting of said disk file, said nmethod conprisin
appl ying a nodul ati on to each portiog ? the product s o
" nodul ation being conputed fromthe p & @on error signal of the
sel f-propagation servo |oop as neasured just Qrior to the trne at which

said portion of the product servopattern is tte wh Ll\

modul ati on produces a change in the denodul |on n t -

normal operation of the disk file, said cha ber neggz?
due sa

equal to the deviation of said denodul ated pos troﬁ\srgn

random pl acenment errors; using self- propagat \abl al u hat
are individually conputed for each propagatr bur | the mn
average reference.level together with a cor fr he
position error signal of the self- propagatr ser Ioop S ured ose
to the tinme at which said propagation burst |s witlen, said re erencd
tabl e val ue being such:as to largely cancel tlhe rea baﬁ npl ide
—b5
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change due to the random pl acenent. error in said propagation burst in the
67 subsequent conputation of the position error signal of the

-sel f - propagati on servo | oop on the next step of propagat|01,

et hod for servowiting a disk drive including a he nﬁth
sai d di sk, an actuator for positioning the head radlaﬁﬁg gk Eg%gg#ﬁ o]
the disk; and a servo loop for controlling position :
conprising the steps of: setting the frequency depen yatnat T heE " sdr vo
| oop equal to a value |less than unity when witing propagatlon bursts, and
setting the frequency dependent gain of the servo 1oop equal to a different
val ue when witing the product servo pattern. 32. An apparatus for self

servowiting a rotating disk in a disk drive including nmeans for
positioning the head at any radial position with respect to the disk; said

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 "AMethodimdSyswmfor
Writing a Scrvo-Pattm:n of a Storage Medium" commonly assigned herewith, and the subject
matter of which is mcorporamd herein by reference. It is also related to Singapore Patent
Application No. 9501806-5 corresponding to United States Patent Application Sezial
No. 08/348,773 filed on December 1, 1994 (Attorney Reference 316885SG) and comnonly
assigned herewith. The subject matter of that Singapore patent application is also incorporated
herein by reference. |

Field of the Inventi
The invention relates generally to hard disk drive memory storage devices for computers.

More particularly it relates to disk drive apparatus and to a method for writing servotrack
information therein, More specifically it relates to alleviating the need for a



apparatus conprising: .tim,ng circuitry for controlling reading.and witing
in“specific sectors on the disk; a pattern generator ;prgﬁﬁgrngwaF”
data for propagation bursts and product servopatterns Pﬁm&%ﬁﬁ&ﬁﬁﬁﬁﬁt
for making adjustnents in relative timng of the wit d?L?yjaﬂnlgiﬁpe
detection circuitry for measuring readback anplitude '“€Q@ﬁmbﬁ”’sht'ons
on the disk; a nmenory for storing quantities including nmeasured varues
of readback anplitudes and di sk reference track val ues; a divider for
normal i zi ng i nstant aneous readback anplitudes by their correspondi ng
original full-track anplitudes; a nicroproE%ssor sequence controller; and a

servo control | Suxmaryrof thehivenfion cont rol paraneters to allow rapi d stepping
and According to one aspect of the invention there is disclosed a method for
SCrvowriting on_astoragcinedixnnofastoragedevieehavingatransduccrnndaservo
loop for positioning said transducer with respect to said storage medium, said method

comprising:

writing one or more transitions on one track of a plurality of tracks of said
storage medium while servoing on another one ot more transitions previously recorded
on said storage medium; and



settling and to limt the growth of track shape errors as said disk is
servowitten. 33. A disk file servowiting apparatus conmprising neans for
controlling the internal recording transducers of the Q'§EF£A éﬁéﬁ*QH'Eﬁ a
plkurality of bursts, each consisting of a plurality ofbtran3|,kOQ§
witten around each of a plurality of tracks |ocated a I4f tént Ma
positions; neans for deternining and storing the readb PP UdesS "0 tie
magneti c signal fromany of said bursts, with said readback anplitude being
updated with each revolution of the disk; nmeans for controlling the
“internal actuator to position the recordi n§transducers at said radial

(1 ascd-| obp. 11 anst er SFTHEY BIFHRE NADHRh . B gom i1k ctostd foos avptie 3 i |
any T v cauency Sa0g opaed S iPkHA B pkbot ) BRol 08 Wanlh LintORM: ° o

di sk; to one or more position errors of the transducer relative to the another one or more

transitions, wherein said reference waveform is usable in writing subsequent tracks on
said storage medium.

According to another aspect of the invention there is disclosed an apparatus for
servowriting on a storage medium of a storage device having a transducer and 2 sexrvo
loop for positioning said transducer with respect to said storage medium, said apparatus
comprising:



69 nmeans for witing said plurality of bursts at a first of sald radi al
positions; means for creating a position error signajj of -
servo-positioning control |oop by subtracting said r d&bac‘#@f-'&iﬁﬂn$m|$5rf
each of said plurality of bursts witten at said firfst ra@l g HosLg7 on jif rom
each of a first set of stored.reference anplitudes i 8- shorter g han
the interval between bursts, said position error signal T
novenent of the internal actuator to a second of said radial "positions such.
that said position error signal becomes nearly zero; neans for witing said
plurality of bursts at said second radial }ﬁ)smlon after a first

-predetermnedtlrre W&W m}_@ ch_%g HI}
internal actuator to sald seco rg)g poSsI |on eac %?gg, Iur Ity of

bursts at sai dof@df6rage fiediunoie! seRding UniGoth: drie P nidke BabRIAS reviously
predeterm ned tine delay follow ng each of said plurality of bursts witten.

at said first resorded opesid stosape nediuh;andi tion error signal continuingto be
bei ng determ ned from sai d readback anplitudes fromsaid plurality of

bursts witten at saipgansfor i wqummarfgmnofepmpg
SCQUENCT NG N1 Qi ek OF ol Q555 oo and ¥ it ok Wianitoss ¥ postion ervor

waveform corresponding to one or more position error of the transducer relative to the

another one or more transitions, wherein said refetence waveform is usable in writing

subsethemuacl'sonsaidstoragemedium.



said position error signal of said servo-positioning control |oop to being
a=subtraction of each of said readback anplitudes at faroprorat :

bursts witten at a present radial position fromeach &E%‘ﬁmmk
rreference anplitudes in a tinme shorter than the interyjal bet { S
said position error signal resulting in novenment of t Pdt-ernal-..act.uat
to a next radial position at which said position error signar 1s
zero, followed by witing said plurality of bursts at said next radial

position after said first predetermned tinme delay to all ow conpl etion
of said novenment of said internal actuator® o said next radial position,

each of said plurality of bursts gt sai xt. radj a QS | e] Ltten
at a next pregetermﬁfém@y%@qmg\#ﬁ’ﬁ%%ﬁo% @dfsﬁgﬁ@%w
bursts witten_ af. S“g gr SE Egg'l}i gl Rfih .‘ﬂﬁg @.%’& id & SvEidoBfosi gnal
continuing to ngﬂé STer T Be om sal Bhre %I ac a?rpsﬁit'ﬁ"gés 01[°?om said
plurality of bustichingfsaid! tPasdticerSwitttlreRpeRt @ aid ra€kpdkating hddived) said method
comprising: ' o
writing one or more patterns on one track of a plurality of tracks of said

reciprocating medium while servoing on another one or more patterns previously
recorded on said reciprocating medium; and



34. . The apparatus of claim33 in which said position error signal is
créated by subtracting a nornalized readback anplitude foL,eagh=Qt=§§ﬁpA
plurality of bursts fromeach of said stored reference= fﬂ@fmﬂaﬁfﬁﬂﬁ%r ‘
sai d normalized readback anplitude i s conputed by di vi{dtng each of %?Id\
readback anplitudes by its corresponding elenment in ajlsto :

anplitudes neasured in an extra revolution of the dis ]
writing of said bursts but before noving the actuator. ) The appar at us
of claim33 in which said said stored reference anplitudes used in the

creation of said position error signal are changed at intervals throughout
t he sequencing process to result in track 20 track spacing that closely

follows a desired fu tlonal forn1acr ss the dis The appar gt

claim35.0n which th 0% 8. SREHOB A pset IR 9 oo

on the basis of j I

bursts | ocated %‘[r@qu e{‘rﬁ%os‘ I n@%ﬁéﬁ&%ﬁmm i ng

performed by '%%é&ﬁhbi%dsiﬁ%n@ﬁbﬁﬁifﬂfe%ﬁ&ﬁ%hﬁ@ﬁ%a@%@ﬁ&&ﬁ@mup one

or nore radial positions.
panerns,wheremsaidmferencewavcfonnmusahhmwrmngsubsequempmemson

sudrumpnxmnngnnnnnn
According to yet another aspect of the invention there is disclosed a pattern

propagation apparatus in a storage device, said storage device comprising a storage
nmmmunamianmmﬂmxrﬁwhm&mxmgthsddﬂbngenwdmmysﬂdqmmmmm
comprising:



71 37. The apparatus of claim35 in which the chang_M_stored reference

anpl itudes are different at each sector and are cofpyled.] ST
val ues of the position error signal as neasured du |ng Mg
correspondi ng burst was witten. 38. A di sk drivy m& 3si AN:

gg?ro Jat i ng
di sk therein, a head having separate read and wit nmems ane-+-or ”an
actuator for radially positioning said head with respect to Sard , and
a self servo witten pattern witten on said disk; said pattern being
witten so that systematic errors are elimnated; whereby the track spacing
follows a desired function across a surfacetiof the disk. 39. A di sk drive
conprising: a rotating disk therein; . ) . . .

a pattern generator adapted to write, during a write revolution of said storage
medium, a transition on said storage medium while sexvoing on another transition
previously recorded on said storage medium;

means for determining, during said write revolution, a position exror mgnal
corresponding to a position error of said transducer relative to said another transition;
and

a memory adapted to store, during said write revolution, said position error
signal providing a recorded pasition error signal used in computing a reference track

value associated with said transition to correct for said position error.



a_head and an actuator for radially positioning said head with respect to
sai d disk; and means for witing a self servowitten pattetn on said disk,
said pattern being witten so that systematic errors aeeua‘,m,nfa;\, f‘",;
wher eby the track spacing follows a desired function ross a surfaée' 5

t he di sk. 72 40. A method for witing patterns on aee@ grosatq
medi umincluding a head for interacting with said nedi ¥
positioning the head with respect to the nmedium and neans for causing 5ai d
head to wite on and read information fromsaid nedium conprising the
steps of: witing patterns on successive tmsacks of said nediumusing a
servo | oop for positioning said actuator wherein servo position information
is read froms di um

1. A method forservowriﬁng onasmrageinedinm of a storage device
having a rransducer and a servo loop for positioning said transducer with respect to said
storage medinm, said method comprising:

writing one or more transitions on one track of a plurality of tracks of said
storage mediom while servoing on another one or more transitions previously recorded
on. said storage medium; and

deriving a reference waveform as 2 function of a closed loop response of said
servo loop and a position error waveform, said position error waveform corresponding
to one or more position errors of the transducer relative to the another one or more
transitions, wherein said reference waveform is usable in writing subsequent tracks on
said storage medium.

2. The method of claim 1, wherein said closed loop response is'
frequency dependent and wherein said method further comprises frequency dependent
filtering of said position error waveform for use in said deriving of said reference
waveform.

3. The method of claim 1, wherein said deriving further comprises using
at least one previously recorded position error waveform to derive said reference
waveform, said previously recorded position exror waveform being in addition to said
position error waveform. | '

4. The method of claim 1, wherein said servo loop is defined by setting 2
non-zero frequency dependent gain of said servo loop, wherein said setting provides

~ said closed loop response of said servo loop having a magnitude less than unity at every
integer multiple of rotation frequency of said storage medium; apd

servoing on said one or more transitions on said one track and wnung said one
or more transitions on anothcr track using said servo loop set to said non-zero
frequency dependent gain. |

5.  The method of claim 1, wherein said deriving of said reference

B | [T




f,r__"e__quency dependent gain of said servo |oop-being sef
response of said servo has a magnitude | ess than unij

RER ABYELY, . NECger:
mul tiple of reciprocation frequency, yet is high endgugh to%;\():‘r‘b\*ﬁ-‘d@fEET

_that cl osed | oop

e,

substanti al rejection-of nechani-eal—di st urbances. 41| Dazeézytw 1%7
_"I --,I. eragti ng

witing patterns on ' ' medi um i ncl udi ng=a=head £ it
with said nmedi um m“&@g&m&mﬂ“ ositioning the head with respect=fx
ncdi um and neans head to wite on and read i nformation

sai d

fromsaid nedium and a servo.loop for positioning said actuator in
accordance wth servo position informati orPread from said nedi um

conprising tile Step&l:ﬁiah'n | 1t Qn?wﬁg#éxecﬁe s b LoSt g Fu%g!lagﬁgm@ rack;
di spl acing the head a no%lre%s?:tlon a tra’c?&hifos‘I a |sg aced posl t?%n;

73 the position error waveform;

multiplying said at least ope complex coefficient by at least one complex filter

factor, £, thereby creating at least one filtered coefficient; and

adding said inverse discrete Fourier transform to a nominal average reference

level to form said reference waveform.

6. The method of claim 5, further comprising computing f from 2

predetermined function of said closed loop response, C.

7. The method of claim 6, wherein said computing f further comprises
using an equation f=(8-C)/(1-C), where S comprises a step factor and has a magnitude

less than 1.

8. An apparatus for servowritiog on a storage medium of a storage
device having a transducer and a servo loop for positioning said transdncer with respect

to said storage medium, said apparatus comprising:

means for writing ope or more transitions on ope track of a plurality of tracks

of said storage medium while servoing on another one or more transitions previously

recorded on said storage medium; and

means for deriving a reference waveforin as a function of a closed loop

response of said servo loop and a position error waveform, said position error
waveform corresponding t0 one or more position: error of the transducer relative to the
another one or more transitions, wherein said reference waveform is usable in writing

subsequent tracks on said storage medium.

9. The apparatus of claim 8, wherein said closed loop response
frequency dependent and wherein said apparatus further comprises means for frequency
dependent ﬁlneﬂng of said position error waveform for use by said means for deriving.

10.  The apparatus of claim 8, wherein said means for deriving further

compﬁsesmeansforusmgatlcastompreviouslymcordedposiﬁonemwav_efom

being in addition to said position error waveform.

11. The apparatus of claim 8, said apparatus further comprising:



readi ng from sel ected ones of -said first patterns posi ti

dét’er m ni ng devi ation information representative of devi §

on infornmation for

fromsaid known fraction, and using said deviation infor
second patterns at said di spl aced position with said dev

Wﬁﬁm@;
gff?ﬁ T??Fﬁ nat | one

encoded in said second patterns.

Date :

..............................

58

means for setting a non-zero frequency dependent gain of said servo loop,
wherein said settiog provides said closed loop response of said sexrvo loop having a
magnitude less than unity at every integer muitiple of rotation frequency of said storage

medium; and

means for servoing on said one or more transitions on said one track and

writing said one or more tm:si;iorié on another track using said servo loop set to said

non-zero frequency dependent gain.

12.  The apparams of claim 8, wherein said means for deriving said

reference waveform comprises:

means for calculating at least one complex coefficient of a discrete Fourier

transform of the position error waveform;

means for multiplying said at least one complex cocfficient by at least one
complete filter factor, f, thereby creating at Ieast one filtered coefficient;
| means for calculating an inverse discrete Fourier transform from said at least

. one filtered coefficient; and

mwmmmvmmmFOMametoanomimlavmge

mferemeleveltofomisaidrefemncewavcform.

13. The apparatus of claim 12, fuxther comprising means for computing £

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

14, The apparatus of claim 13, wherein said means for computing f

further comprises means for using an equation f=(S-C)/(1-C), where S comprises a

step factor and has a magnitude less than 1.

15. A method for writing pauems' on a reciprocating medium having a
transducer and a servo loop for positioning said transducer with respect to said

reciprocating medium, said method comprising:

writing one or more patterns on one track of a plurality of tracks of said

reclpmcaﬁnggmdhmwhﬂcsewoingonamﬂ)etoneormorepmmviously

. recordo;donsaidmimocaﬁngmedium;and

s
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deriving a reference waveform as a function of a closed loop response of said
servo loop and a positioh error waveform, said position error waveform corresponding
to one or more position errors of the transducer relative to the another one or more

- patterns, wherein said reference waveform is usable in writing subsequent patterns on
said reciprocating medium.

16. The method of claim 1, wherein said writing takes place during a
write revolution and said position error waveform corresponds to a position error of
said transducer relative to said another transition during said wnte revolution.

17. The method of claim 16, wherein said position error waveform
corresponds to a substantially instantaneous determination of said position error.

18. The method of claim 16, further comprising computing a reference
track value associated with said transition to correct for said position error, said
computing comprising adding a predetermined fraction of said recorded position error
waveform to a prespecified nominal average reference Ievel to obtain said reference
track value. |

| 19.  The method of claim 18, further comprising recording said reference
20.  The method of claim 18, forther comprising stepping out to 2 new
- radial position using said reference track value.

2%, A pattern propagation apparatus in a storage dev)ice, said storage
device comprising a storage medium and a transducer for interacting with said storage
medium, said apparatas comprising:

| a pattern generator adapted to write, during a write revolution of said storage
mcdium a transition on said storage medium while servoing on another transition
previously recorded on said storage medium,;

means for determining, during said wrile revolution, a position error signal
corresponding maposmonerrorofsaidtransducerrelauvetosamlnothermsiﬂon,
ﬂm . . SR

R
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a memory adapted 1o store, during said write revolution, said position exxor
signal providing 2 recorded position error signal used in computing a reference track
value associated with said transition to correct for said position error.

22, The apparams of claim 21, wherein said position error signal
corresponds to a substantially instantaneous determination of said position error.

23.  The apparatus of claim 21, further comprising a controlier
programmable t compute said means reference track value, said controller comprising
meaps for adding a predetermined fraction of said recorﬂed position error signal © 2
prespecified nominal average reference level to obtain said reference track value.

mam
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RADIAL SELF-PROPAGATION PATTERN GENERATION FOR:DISK FILE
SERVOWRITING

ABSTRACT

Writing patterns on a disk drive (20) s disclosed in which a position error signal (PES) equals
adiffmcebaweenamfumnewavefomm)andameamedmhﬁveposiﬁmwa\}efom
(X). Servo patterns are written on successive radial tracks and the reference waveform (X) is
derived as a function of a closed loop transfer function and a measured position waveform (X).
Theﬁequencydcpmwmoloopgainissetsomatmedosedmrespomeiss_ln
every integral multiple of disk rotation frequency, yet is high enough to reduce mechanical

' disturbances. A series of first patterns are written along a track, the head (22) is displaced a
known fraction of a track to a displaced position, and selected ones of the first patterns
position information read. The spacing between adjacent tracks is adjusted without writing the
entire disk (26). Deviations in demodulated position signal arising from random placement

errors in servo patterns can be cancelled.

Fig._ 1



