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Application The subject matter .of this application is related to that of

| nt et nati onal Publication No. WD 96/28814 for "A Method and System for
Witing a Servo-Pattern on a Storage Medi Unt', the subject nmatter of which
IS incorporated herein by reference. It is also related to Singapore Patent
Application No. 9501807-3 corresponding to United States Patent
Applications Serial No. 08/349, 028 and 08/405, 261 of filed on 2 Decenber
1994, and 16 March 1995 respectively and the subject matter of that
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Field of the Invention The invention relates generally to hard disk drive
menory storage devices for conputers. '

Cross Refi Related Applicati

The subject matter of this applicaiion is related to that of Umted States Patent Application
Serial No. 08/028,044 of T. Chainer et al. filed on March 8 1993 entitled "A Method and
System for Writing a Servo-Pattern on a Storage Medium” commonly assigned hérewifh, and
the subject matter of which is incorporated herein by reference. It is also related to Singapore
Patent Application No. corresponding to United States Patent Applications
Serial No. 08/349,028 and 08/405,261 of filed on 2 December 1994, and 16 March 1995
respectively (Attorney Ref. 316872SG) and the subject matter of that Singapore patent

application is also incorporated herein by reference.
Field of the I .

- 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 complex

mechanical and/or optical positiohing system to establish servopatterns on the recording

surfaces of the recording media.
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More--parti-cularly it relates to disk drive apparatus and to a nethod for
writing servatrack information therein. Mre specifically it relates to
alleviating the need for a conplex mechanical and/or optical positioning 4
- systemto. establish servopatterns on the recording surfaces of the
recordi ng medi a. 2 Background Art As descrlbed i n International Patent
Application, WO 94/11864, increased | evel’s of storage capacity in floppy
and hard disk drives are a direct result of the higher track densities-
possible wth LGPl and other types of servo positioners as well as
the ability toread and wite narrower tracks by using, for exanple,
nagnetore3|st|ve (MR) head technol ogy. Previously,

As described in International Patent Application, WO 94/11864, increased levels of storage
capacity in floppy and hard disk drives are a direct result of the higher track densities possible
with voice-coil and other types of servo positioners as well as the ability to read and write
narrower tracks by using, for example, magnetoresistive (MR} head technology. Previously,
low track density disk drives were able to achieve satisfactory heac_i positioning with leadscrew
and stepper motor mechanisms. However, when track densities become so great that the
mechanical error of a leadscfew—s_tchper motor combination is significant compared to ‘
track-to-track spacing, an embedded servo is needed so that the position of the head can be

determined from the signals it reads.

Convcnti_onal hard disk manufacturi'ng techniques include writing servotracks on the media of
a head disk assembly (HDA) with a specialized servowriter instrument. Laser positioning
feedback is used in such insruments to read the actiial 'ph)fsical Position of a recording head
used to write the servotracks. Unfortunately, it is becoming more and more difficult for such
servowriters to invade the internal environment of a HDA for servowriting because the HDAs
themselves are exceedingly small and depend on their covers and castings to be in place for
proper operation. Some HDAs are the size and thickness of a plastic credit card. At such levels

of microminiaturization, traditional servowriting methods are inadequate.

Conventional servo-patierns typically comprise short bursts of a constant frequency signal. very‘
precisely located offset from a data track’s center line, on either side. The bursts are written
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 writing. Since there can be between seventeéﬁ to sixty, or

even more, sectors per track, that same number of servo data areas must be dispersed around
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castings to be in place for proper operation. -Sone HDAs are the size and
thi ckness of a plastic credit card. At such levels of mcromniaturization,

traditional servowiting nmethods are inadequate.
Servo-data are conventionally written by dedicated, external servowriting equipment, and

typically involve the use of large granite blocks to support the disk drive and quiet outside
vibration effects.  An auxiliary clock head is inserted onto the surface of the recording disk and
is used to write a reference timing pattern. An external head/arm positioﬁer 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 track placement and track-to-track
spacing. The servo writer requires a clean room environment, as the disk and heads will be

exposed to the environment to allow the access of the external head and actuator.

]
United States Patent No. 4,414,589 to Oliver et al. teaches servowriting wherein optimum track

spacing is determined by positioning one of the moving read/write heads at a first limit stop in
the range of travel of the positioning means. A first reference track is then writtén with the
moving head. A predetermined reduction number or percentage of amplitude reduction X‘7c

is then chosen that is empirfcally related to the desired average track density. The first reference
track is then read with the moving head. The moving head is then displaced away from the first -
limit stop until the amplitude of the first reference track is reduced to X% of its original
amplitude. A second reference track is then wr';tten with the moving head and the moving head
is then displaced again in the same direction- until the amplitude of the second reference track
is reduced to X% of its original value. The process is continued, writing successive reference
tracks and displacing the moving head by an amount sufficient to reduce the amplitude to X%

of its original value, until the disc is filled with reference tracks. The number of reference tracks
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predetermined range 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, thé disc is erased, the X% value is increased and the process is repeated. If the

average track density is within the predetermined range of the desired average track density, the '

desired reduction rate X%, for a given average track density, has been determined and the servo
writer may then proceed to the servo writing steps.

Unfortunately, Oliver et al. do not disclose how to generate a clock trgck using the internal
recording data heads, as this is achieved by an external clock head. Olfvcr et al. also do not
teach how to determine the track spacing during propagation. This results .in the requirement
of writing an entire disk surface and counting the number of written tracks to determine the
track spacing. Further, Oliver et al. do not examine the variation in the plurality of heads within
the disk drive to set the track pitch accordingly. Finally, Oiiver et‘al. do not teach how to limit
the growth of errors during the radial propagation growth. Random errors will grow as the
square root of the number of steps, which for a disk drive propagation is on the order of 10,000

steps resulting in a final error 100 times larger than the step to step error.

As also described in International Patent Application W094/11864, a method for writing a
servo-pattern with a disk drive's own pair of transducers is described in United States Patent
4,912,576, issued.March 217, 199O to Janz. Three types of servo-patterns are used to generate
three-phase signals that provide a difference signal having a slope that is directly proportional
to velocity. Servo-patterns that are s_ubstantially wider radially than the nominal track-to-track

separation are possible. This helps improve readback amplitudes, and thus servo pcrforfnance.



Servo-data are conventionally witten by dedicated, external servowiting
equi prent, and typically involve the use of |arge granite blocks to support
the disk drive and quiet outside vibration effects. An auxiliary clock heaat
is inserted:onto the surface of the recording disk and is used to wite a
reference timng pattern. An external head/arm positioner with a very
accurate lead screw and a | aser displacenent neasurenent .device for

posi tional feedback is used to precisely determ ne transducer |ocation and
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reduction X% is then chosen that is enpirically related to the desired
average track density. The first reference

In a preferred 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 séwo is written on the servo side
at an outer edge. The transducers are then moved-in radially one half of a track, as indicated
by the first phase servotrack amplitude, and a first data-track is recorded on the data side. The
transducers are again moved-in radiaily one half of a track, ‘this time as indicated by the first
data-track amplitude, and a second phase servotrack is recorded on the servo side. The
transducers are again moved-in radially one half of a track, as indicated by the second phase
servotrack amplitude, and a second data-track is recorded on the data side. The transducers are
moved-in radially another one half of a track, as indicated -by the'seconci data-track amplitude,
and a third phase servotrack is recorded on the servo side. The transducers are mo.ved—in'
radially one half of a track, as indicated by the third phase servotrack amplitude, and a third
data-track is recorded on the data s_ide. This bacic-and-forth progress is repeated until the ent.irc
two surfaces are written. If too few or too many tracks were thus written, the disk is reformatted
once more, but with a slight adjustment to step inward slightly more or slightly less than
one-half a track widtﬁ,' as appropriate. Once the disk drivé has been formatted with an entire
compliment of properly spaced servotracks, the data-tr.icks have served their purposc and are

erased in preparation for receiving user data.



track is then read with the noving head. The noving head is then displaced
away fromthe first limt stop until the anplitude of the first reference
track is reduced to X% of its original anplitude. A second reference track a
is then witten with the noving head and the noving head is then displ aced
again in the sanme direction until the anpkitude of the second reference
track is reduced to X% of its original value. The process is continued,
writing successive reference tracks and displ acing the noving head by an
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impacted. Transducer flying height variations and spindle runout that occur within 2 single

revolution of the disk, and media inconsistencies can and do corrupt radial position
determinations that rely on a simple reading of off-track read signal amplitudes. Prior art

methods are inadequate for very high performance disk drives.

IBM Technical Disclostre Bulletin, Vol. 33, No. 5 (October 1990) entitled "Regenerative Clock
Technique For Servo Track Writers” suggests servo writing.of a head/disk assembly after the
covers are in place by means of the produét head and without the use_of an external position
encoder disk. A single clock track _is written at the outer diameter and divided into alternate
A and B phases. The ﬁcad is than stcpbed inwards half a track at a time using each phase :
alternately as a source of clock information from which servo information in the servo sectors
preceding each data field and further clock signals in the alternate phase can be written. The

half track steps ensure that the previously written clock information can be read. The technique :

* dispenses with a dedicated servo writer clock head and associated mechanisms.

International Patent Application No. W094/11864 teaches a hard disk drive comprising a
rotating disk with a recording surface, a transducer in communication with the surface and

- servo-actuator means for radially sweeping the transducer over the surface, a variable gain read
amplifier connected to the transducer, an analdg to digital converter (ADC) attached to the
variable gain amplifier, an erase frequency oscillator coupled to the transducer for DC erasing
of the disk surface, a memory for storing digital outputs appearing at the ADC, and a controller
for signaling the servo-actuator to move to such radial positions that result in transducer read

amplitudes that are a percentage of previous read amplitudes represent in the _digital mémory.



of travel -of the noving head, the average.track density is checked to

I nsure that .i.t is.wthin a predeterm ned range of the desired average track
density. If the average track density is high, the disc is erased, the X% 4
‘value is-lowered and the process is repeated. |f the average track density
is low, the disc is erased, the X% value i increased and the process is
repeated. |If the average track density is within the predeterm ned range of
the desired average track density, the desired reduction rate X% for a.
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Aiver et al. do not teach howto |im ,
written, which comprises clock bursts, and wiiting a next new sequence of clock bursts that

interlace with the previous track’s clock bursts.

Servo péttcm writing in disk drives requires precise timing which is derived from the rotating -
disk storage medium to gaté a pattern generator such as to create synf:hronism of the servo
pattern from track to track. This precise timiﬁg is normally achieved by an external clock head
or shaft encoder. The servo pattern shown in Figure 1 includes a sector headcr'follc.)wed by a
patter.n to provide radial position information. The sector is comprised of a Servo ID Field 4
and Grey Code Field 6 which require precise alignment track to track. Misalignment in these
patterns results in destructive interference of the magnetic i:aatter;l and reduces the amplitude

of the signal which leads to errors. Spccificati:ons on the alignment in modern disk drives is
approximately 25 nanosec (3 sigma) track to track for a disk rotation period of roughly 11
milliseconds or 2.3 ppm. Tﬁi‘s narrow time window therefore requires precise measurement of

the disk angular position over many revolutions of the disk.

Any process used to generate a clock for the pattern generator by self-propagation using only
the disk drive data heads requires several thousand steps during the servowriting of the disk
surface. Since a single head cannot write and read simultaneously, self-propagation requires
dividing a track on the disk into alternating sectors such that timing synchronization is obtained

in one sector just prior to writing the next sector as shown in Figure 2. After moving the head



the gromh of errors during the radial propagation growh. Randomerrors
wll grow as the square root of the nunber of steps, which for a disk drive
propagation is on the order of 10,000 steps resulting'in a final error 100 «
‘times larger than the step to step error. As al so described in

I nternational Patent Application W94/11864, a nmethod for witing a
servo-pattern with a disk drive's ow pair of transducers is described in
United States Patent 4,912,576, issued March 27, 1990 to Janz. Three types
of servo- pal t eidis, il AR daulSRELRbAchD RS ¥ \ARfn $h B eh duiBbrodbitrC 8
~difference signal having a slope that 1s directly proportional to velocity.
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“track-to-track, separation are possible. . This hel i mpr.Qye readback

anpl i tudes, anf ft? husﬁ%s“éer %36%15188 RBiAgn tn wiitng the Subsequeht T on' the S Rtbered
~sectors 1, 3, 5, ...59. The head is again displaced a fraction of the track to servo track #2 and

the roles are reversed, with the odd numbered sectors used for synchronization in writing the
subsequent even numbered sectors. This process continues until the head is displaced across
the recording surface. Each time a sector is written, a small but unavoidable timing error called.
the base error occurs due to both disk rotational velocity changes and electrical noise in the
readback signal used for synchronization. These errors are replicated on the next step as the
written sectors change over to synchronization sectors. A new and independent set of random
errors is added here as well. Thus, the self-propagation process involves a replication and
summation of the random euoré in each step. Left unoorrécted, statistically such errors grow
as the root mean square of the number of steps. Since the process of synchronization and
writing is causal, i.e. synchronization occurs before writing on:cach step, the sequence of
random errors that determines the location of a given sector timing pattern can be traced back
in a spiral path which is shown by the arrows labeled Path 1, Path2 and'Path3. The paths run
in paraliel and for adjacent radial locations at each sector are totally independent so the track
to track misalignment ends up as the difference between two indcpendenlt random walks, giving
an additional factor of thé square root of 2. Therefore after 10,000 steps the RMS track to track
error would be 141 times the base emror. It should be noted that this process can work with
other than alternating patterns limited to two, for instance three patterns may be used for clock .

propagation, but two is the presently contemplated preferred embodiment.

In a step prior to sewowriﬁng. timing or trigger patterns (TP) are placed on the disk. In terms
of the errors, an example, after 4 steps, the total error in thé TP location in sector #5 servo

track#3 TP 26 equals the error from synchronizing off the TP 24 in sector #4 on servo track
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.dead-center with the pattern. Janz uses this phenonenon to straddle two of
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servo side. The transducers are again noved-in radially one half of a

track, as indicated by the second phase

There exist several proposed techniques to replace the clock head with a self propagated clock

using only the disk drive head. Unfortunately, those proposed processes do not teach how to -
achieve the propagation without the uncontrolled growth of errors from track to track. The
gron of these errors has thus far .prevcnted the commefcial application of all proposed
methods for self clock generation due to the precise requirements f01" t.iming alignment in

modern disk drives.

International Patent Application No. W094/11864 and IBM Technical i)isc]osure Bulletin, Vol.
33, No. 5 (October 1990) do not teach how to propagate a clock pattern without the growth of
errors. United States ’Patent Application, Serial No. 08/028,044, filed on March 8, 1993 as
assigned to the assigrniee of this applicafion, which is incorporated by reference, shows how
errors in the pattern propagation process can be detected and corrected to produce precise
magnetic pattern alignmeﬁt from track to track. Errors written at each step are measured during
a subsequent revolution of the disk and are accounted for and corrected. For example in Figure
"2 prior to writing TP 26, the interval between TP 24 and TP 42 is measured on an extra |
revolution of the disk and stored as a time interval T45. The time interval T45 is used when
the head is positioned on servo track #3 and triggers on TP 24 to write TP 26 aligned to TP
42. The extra revolution of the disk breaks the causal chains denoted by Path 2 and Path 3,
effectively locking together the normally independent random walk paths and preventing the

growth of track to track misalignment. This process as described in Unites States Patent
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servot rack. anplitude, and a second data-track is recorded on t eeraSaak:BT HAS BEEN
The transducers are noved-in radially another one half of a tr
~indicated by the second data-track anplitude, and a third phast ot 3
is recorded:.on the servo side. The transducers are noved-in radially one
hal f of a track, as indicated by the thi¥d phase servotrack anplitude, and
a third data-track is recorded on the data side. This back-and-forth
progress is repeated until the entire two surfaces are witten. If too few

or too many tr aglpRcalbd Serfal NS 08f024,0RNwilllHR @efbtedfo hSthé SR ERIEBH cIOAC S ofiRLBn
but with a slight adjustnent to step inward slightly nore or slightly less

t han one-hal f Precest withip éterfdl%ngats’sr opriate. Once the disk drive has been
formatted with an entire conplinent of properly spaced servotracks, the
data-tracks have served their purpose and are erased in preparation for
receiving user 19 gtur?derstood that in writing a trigger pattern a specified time after a trigger one must account
* for the presence of electronic delays in the trigger and write circuitry as is taught in the IBM
Technical Disclosure Bulletin, Vol. 33, No. 5 (October 1990) There the read/write delay is
measured once and applied as a constant correction. The read/write delay can be determined
prior to beginning the propagation by locating the head against a stop and writing a set of even
numbered trigger patterns. The recording head triggers on each of thé even numbered trigger
péMs and writes an odd number trigger pattern at an initial delay setting D after each even
numbered trigger pattern. On another revolution of the disk, the the time interval between each
even numbered trigger pattern and i.ts following odd numbered trigger pattern is measured and
recorded. The average of these recorded values minus the initial delay setting D is the
read/write deiay correction that must be subtractéd from all computed delay settings in order

to properly compensate for the &lectronics delay.
o

Howcver Patent Applu.auon Serial No 08/028,044 and the IBM chhmcal Disclosure Bulletin,
Vol. 33, No. 5 (October 1990) did not teach how to achieve optimum track to track trigger

pattern alignment in the presence of systematic errors (constant for every sector) but which vary
asa functiox_y of l;\dial position in the propagation précess. In particular Patent Application Serial.

No. 08/028,044 does not teach:

1) How to eliminate a varying systeniatic error when the recording head has spatially sepurate
X
read and write elements such as the case for magnetoresistive heads. This results in a read to

write time delay 'which is radially dependent
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6 Unfarturately, the method described by Janz consumes on BlS‘rEEle}'-lé BEEN
surface for servotracks and requires two heads working inl|it andeREPLACED
Track-to-track bit synchronismis also not controlled, an trmes to -+
find data.between tracks woul dthus be seriously and adversely i npact ed.
Transducer flying height variations and sphndl e runout that occur within a
single revolution of the disk, and nedia inconsistencies can and do- corrupt
radi al position determ nations that rely on a sinple reading of off-track
read signal a_np)kll-f WUAS Semdvk Ry a@fn% 0 S dRe doNASROR Rt zIn@rer@EIXmgHt glhlch
per formance di rives. IBMT nical Disclosure Bulletin, Vol. 33, 5
(Cct obder 1990) mndntﬂaadel"raa@egleraatarmem@md;asﬁen@npmemﬁomtm VO Tr ack
Witers" sugges ervo witing of a di sk assenbl er the covers
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external positiihRidk QP& inftixHrived forin e Roel @Sk clifrdh€ Walefortifor biyedther lsedsbte
outer dianeter and divided into alternate A and B phases. The head is than
stepped inwards half a track at a tine using each phase

In addition the Patent Application Serial No. 08/028,044 does not teach:

1) How to minimize the effect of velocity jitter without decreasing the interval size.
2) How to improve the control of intervals by using a new method designed for this purpose.
3) How to achieve track to track alignment without incurring. an additional revplution of the

disk.
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al'ternately as a source of clock information from which servo$1Mﬂy$HEémmASBEEN
in the servo sectors preceding each data field and further cl §ck si BERLACED
the alternate phase can be witten. The half track steps ensu Fhe——
previously witten clock information can be read. The techni que di spenses
with a dedicated servo witer clock head apnd associ ated nmechani sns.

I nternational Patent Application No. W94141864 t eaches a hard disk drive
conprising a rotating disk with a recording surface, a transducer in

conmmuni cation with the surface and servo-actuator neans for radially
sweepi ng the t£%ﬁ§%%8§¢5§9@¥9¥he surface, a variable gain read anplifier
connected to the transducer, an analog to digital converter (ADC) attached
to the variable gain anplifier, an erase frequency oscillator coupled to

t he transducer -S| : | il ol A gggg- I

di gi tal output ;sriagfaoﬁggéreﬁfgﬁg{]ﬂ‘fﬁﬁgoi%% gi’?\(ﬁqd%&c? ontro Iff}g r o‘?‘xgsifggrﬁ%'ﬂ' (rglégd”t e

ser vo- act uat or a tead devent tunl Swidta cleaelntaf a pediis a dinst dchas storegdevice mavingarsdtinger

read anplitudes, that are a percentage of previous read anpljtudes represent
in the digital disk FB¢ S;:;thod comprises the steps of determining a first read to write time delay with the

head positioned at a first radius of the disk; determining a second read to write time delay with
the head positioned at a second radius of the disk and computing the separation between the read
element and the write element based on a difference between said first delay and said second
delay, and speed of rotation of the disk. At least one of said steps of determining read to write
time delay comprises the steps of writing a first trigger pattern with a write element; writing a
second trigger pattern a noininal time T after triggering on said first trigger pattern; measuring
the time interval between said first and said second trigger patterns; and computing ; difference
between said interval and the nominal time T. The delays areﬁ function of skew angle between
the head and the moving disk, and skew angle is also used in said step of computing. .Thc
mcth!od further comprising the steps of: computing delay times resulting from skew for-
successive radial pésitions of the head with respect to the Aisk a; a function of said separation,

the skew angle, and the rotational spéed of the disk, and using said delay times to correct

positioning of trigger patterns as a servo pattern is written on the disk.

The invention is also directed to a method for determining a value for systematic errors in the -
placement of data on a rotating storage medium by a head having separate read and write .
elements. said errors being due to geometric misalignmeﬁt of said read element and said write
element. The method comprising thg steps of: measuring a first time interval between trigger
patterns which are written with the head located at a given radial position on said disk,
measuring a second time interval between a pair of trigger patterns the first of which is written

with the head located at a first radial position the second of which is written.with the head
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7:Bi t-synchroni sm between tracks is maintained by witing a
track with closure and then witing a next clock track incl
sequence of c¢lock bursts a half-track space offset such that the initial
clock traek:can be read in between witing clock bursts and the read signal
i s used to frequency-lock an oscillator jch 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 increnentally

by stepping of flo@telal { scBdndFadidi 36dtich! A frbtind Stbndt rhdidl lpostlidnt b&iRy seEﬁstwby a
conprises clock bursts, and witing a next new sequence of clock bursts
t hat i nterl ace diganée suffisiepilyesmalite alawaldth firstdnd sécons frgges pattgns togbeeadtby the head

T 0Oy B Bl S Bondll Mot i RIS LT
synchroni sm of rdidd $€¢onBined with the steps of providing a servo pattern on the disk; and using the
measurement of the systematic errors to correct position of trigger patterns used to write said
servo pattern on the disk. The invention also is directed to a method for correcting for
systemz'ltic errors in the writing of timing patterns on a rotating disk by a head in a disk drive,
comprising ﬁe steps of: writing a first series of trigécr patterns with the head at a first position
‘ona first track of said disk; recording the time interval between a rotational index related to the
rotational orientation of the disk and at least one trigger pattern on said first track; computi;lg
an index correction value from the deviation of the time interval which was recorded from a

* predetermined desired time interval; and using said index correction value to shift location of

each trigger pattern written on a subsequent track.

This invention also contemplates a method for correcting for systematic errors in the writing'
of timing patterns on a rotating disk by a head in a disk drive, comprising the steps of: writing
a first series of trigger patterns with the head on a first track of said disk; recording a first time
interval between a rotational index related to the rotational orientation of the disk and at léast
one uiggex: pattern on said first tracki \;vriting a second series of trigger patterns with the head
on a second track of said disk; recording a second time interval between a rotational index
related to the rotational orientation of the disk and at least one trigger pattern on said second
track; computing an index correction value from the difference between said first and second
recorded time intervals; and using said index correction value to shift location of each trigger
pattern written on a subsequent track. In accordance with another aspect of the invention a
process for self servowriting a rotating disk in a disk drive including a head positioned for

interaction with the disk, comprising the steps of: writing a first set of trigger patterns on a first

-
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pattern fromtrack to track. This précise timing is normall ’&HI&%‘V&@ T.Vgs
external - clock head or shaft encoder. The servo pattern sh01 i n BERLAEER

includes a sector header followed by a pattern to provide radial position =
i nformati-on: The sector is corprised of a Servo ID Field 4 and Grey Code
Field 6 which require precise alignnent track to track. Msalignment in

t hese patterns results in destructive i iterference of the magnetic pattern
and reduces the anplitude of the signal which |eads to errors.

Speci fi cati onsgRR; dekemidlol AERS whitk thiRCRIaR; dbkedinbhg iai @fded cordaion exivemt el y 25
nanosec (3 sigma) track to track for a disk rotation period. of hly 11
mlliseconds odet@m@"}smﬂcasmﬂgmmqwf correstion; valis Fompting @ 3ptert Félqw%‘g Bei se
measur ement of th ul | f sk.
Ay pr ocess us¥aaucyitor i fed o PAE uhe B (8 b@?{%f*ﬁ&éﬁké%%?@?“@;‘%“

sel f - propagat i giddaserfe corfdeion \hﬁled itriggeriigi fomn sihtmsthelaﬂmggacpauﬂ'esalﬁeuemala

t housand steps during the servowiting of the disk, surface. %gnce single

head cannot wr FeCRnOcACPTIGEEST RAMET P SMDSRINSRL track|uping sai delay valyes. (18 Y gnatper
dividing a tr agéﬁe& A %Q ?nvgﬂﬁgk a pmc&s Ars8F DA owWhHnS £fdaRhS disitinth diskadrivk id¥ludtig

synchroni zati on tal ne
a head positioned for interaction with the disk, comprises the steps of: determining a read to

write time delay; writing a ﬁ_rst set of trigger patterns on said first track; determining én index
correction value; moving the head a fraction of a track width; writing a second set of trigger
patterns; measuring first times between each first trigger.pattern and a following second uiéger
pattern and measuring second times between each second trigger pattern and a following first
trigger pattern; calculating an updated read to write time delay based on said first times; utilizing
said second times to determine a deviation from a nominal interval time to compute random
error correction delay values; updating the index correction value; computing a set of delay
values to write trigger pattems on a subsequent track as a function of the updated read to write
i time delay, the index correction value and the random ervor correction values whereby the

growth of random and systematic errors in placement of said trigger patterns is eliminated.

The invention may also be used to measure the disk velocity at a given time by following the
steps of measuring time intervals between successive trigger pattems just prior to said given
time; computing instantaneous disk velocity based on said time intervals; and writing a next
trigger patiern after said given time at a delay time corrected for deviation of said instantaneous

disk velocity from average disk velocity.

In accordance with still another aspect of the present invention a method for determining which

trigger pattern of a first trigger pattern a second trigger pattern in a series of trigger patterns that
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in one sector just prior to witing the next sector as sho “"“'(‘a_‘iBEEN
After moving t he head '8 to an initial starting track#0, eﬂtrﬂﬁ

~(TP) are witten on the even nunbered sectors. ‘The head is displ aced a
t fraction.of:a track to servo track #1 and the even nunbered sectors 2, 4,
6,.... 60 are used for synchronization in witing the subsequent TP's on
the odd nunbered sectors 1, 3, 5, ...59. ¥he head is again displaced a
fraction of the track to servo track #2 and the rol es are reversed, with

the odd numbergfd SGCLQfy tl%qgertrﬁg IS%%QE&P @&l?lﬁ'fsbﬂﬂe §t&)st ' &été?ﬁmﬁd%%r&'{ﬁﬁe quent

even nunbered sectors process tirnues until the head is displaced
across the re_cm_éldamgetetehfsad@rst Eizgdr paiteme amal 8 deastene pthenirigger patternpdeterminingbut
unavoi dable tim ngyerror call ed the base .error occur t h. di sk

rotational vel%¥P betyprgn Al erend e e dnana ﬁ‘glléaeﬂ 5% Gt Biglhe

pattern; and comparing the first and second time intervals to determine which of said first and

second trigger patterns is misplaced.

A highly advantageous aspect of the present invention is a method for generating timing patterns
for self servowriting of a rotating disk in a disk drive comprising the stcps of: during a single
revolution of said disk, placing timing patterns on a first track of said disk and determining,
random errors in placement of said timing patterns on said first track; computing correction
values to compensate for said placement errors; writing timing patterns on a subsequent track
of said disk with positions altered by said correction values, whereby errors in placement on
said first track are not propagated to said subsequent track. The inventiop is also directed to a
method for removing a systematic error which varies radially during a self seﬁo writing of a
disk drive having a rotating disk comprising the steps of: measuring the isystematic error at a
plurality of predetermined radial positions; and correcting f'or the systematic error as servo
tracks are written at said radial positions by an amount determined in step a. so as to cancel the
systematic error, whereby the servo pattern rotates with res;;ect to the disk in a desired manner.
The invention also includes a a disk drive compri.sing: a rotating disk therein, a head radially
positioned by an actuator, and a self servo written timing pattern written on said disk; said
pattern being written so that systematic errors are eliminated; whereby the servo pattern rotation
matches the trajectory traced out by the head in its radial motion across the disk. The servo
pattern may also be written so that random errors in the track to track alignment of the servo
paiterns are statistically constant in their root mean square value across at least a desired portion

of the disk surface.
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readback signal used for synchronization. These errors are'r pI”r‘bDa‘f‘ﬁT

S BEEN

the next step as the witten sectors change over to synchronijzati oREPLACED

‘sectors. A new and i ndependent set of randomerrors is added here as well. «
Thus, the self-propagation process involves a replication and sunmation of
the randomerrors in each step. Left uncaqrrected, statistically such errors
grow as the root nean square of the nunb of steps. Since the process of

synchroni zation and witing is causal, i.e. synchronization occurs before
writing on eac h[nyzﬁzi?mm@a% e%?&%ﬁé‘%enﬁén J&W&We%EJiQ,{ashe&ﬁ‘g&%g%&E{e%%
| ocati on of a givVven Sect o timng pattern can be traced back 1n a spira

pat h which i s sdlondntshyaid Heed wﬁmsmkeadmﬁgaﬁﬂﬂﬁiohnhg difkaik ldZecad do Paiethdd forhe
paths run in parallel and_ for_ adjacent radial |ocations at_ each sector are

total |y i ndeperfifisfining radiad P?ﬁ“&’&lé’ff‘{’i hERdaiKh TIPS Bif AERCOBPIITE Y BPs e
di fference bet V\E&'?Laitn}’l‘@ 2 r&ﬁiﬁﬂﬁ%ﬂ&%mﬁ AP FIsHBE EBthe 51/ dnd Sk anBR e iwe AL head

factor of the square ot of herefore after 10,000 steps the RV5 track
to track error andutieditogion 41 mbiiquess ﬂtehbkbamycmnhohcad.lasceahomt thelseparatibe betvérat

this processc Wi th her t an alterpatin ernsllmtedt t Wo
for instance th et e i S iR e sead & vie oee) Wi e s

at a first radius; determining a second read to write delay with the head at an unknown radius;
-computing the unknown radius from said first read to write delay, said second read to write
delay, said relationship and said separation between said elements.
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propagation, but two is the presently contenplated preferred enbodiment. In
a step prior to servowiting, timng or trigger patterns (TP) are placed on

“the disk. In terms of the errors, an exanple, after 4 steps, the total -
ferror in the TP location in sector #5 servo track#3 TP 26 equals the error
~fromsynchroni zing off the TP 24 in sector ;#4 on servo-track 9 #2 plus

~that fromthe TP 22 in sector #3 on servo track #1 and that fromthe TP 20
an sector #2 on servo track #0 whereas the error in the TP 42 |location in
sector #5 ser vgdriRediptich &Méwg%_e error fromsynchroni zing off the TP 40
~in sector #4 on servo track #O. erefore, although TP 26 and TP 42 are on
adj acent tracks, their errors originate fromtwo i ndependent paths | abelled
Pat h2 and Path3 which will cause a track to track

Fig 1 illustrates a disk and a typical disk servo pattem.
| Fig 2 shows how independent casual paths of pattern propagation are generated and can be
eliminated by measuring and by using an additional revolution of the disk.
Fig 3 shows the electronic servo pattern writer. .
Fig 4 shows how servo patterns are written with a dual rcvolutinn process. .
Fig 5 shows how the physical scparﬁion of read and write elements results in a time delay.
Fig 6 shows how a non-parallel read/write head results in,an apparent shift of the trigger patt;:m
when the head is moved off track center '
Fig 7a shows non-parallel read and write clements resulting in pattern Totation.
Fig 7b shows a misaligned head mounting resulting in pattem rotation.
Fig 8 shows the effect of systematic er:rors on pattern propagation.
Fig 9 shows a process to remove systematic error and eliminate pattern rotation.
Fig 10 shows a method to remove the effects of spindle velocity jitter.
Fig-11 shows a method of clock propagation with reduced interval jitter.
Fig 12 shows a method of clock propagation without incurring an additional revolution of the
disk.
Fig 13 shows how servo pattems are written with thé single revolution clock propagation

process.



nasallgnnent There exists several proposed t echni ques to repﬂaEH t%ﬁEErHA%BEEN
head with a self propagated clock using only the disk drive h

Unfortunately t hose proposed proesses do not teach how to achieve the .
- propagati.on-w t hout the uncontrolled growmh of errors fromtrack to track.
The growth of these errors has thus far pygevented the comerci al

appllcatlon of all proposed nethods for self clock generation due to the
precise requirenments for timng alignment in nodern disk drives.

- Internati onal B@&l%tbﬁbénc&ttﬁ%md pMR_4Ikd864 and | BM Techni cal

Di scl osure BulTetin 0 ct ober 1990) do not teach how to
propagate a clock pattern wi thout the growth of errors. |International
Publ i cati on No. WD 96/28814, which is incorporated by reference, shows how
errors in the §ELE§ERV9WB$H§%ROBERMHBEess can be detected and corrected to
produce preci se magnetic pattern alignnent fromtrack to track. Errors
witten at each step are neasured during a subsequent revolution of the

di sk and

A system overview of the self servowrite apparatus is shown in Figure 3. The system is
comprised of electronic blocks including a radial propagation controller 2, a timing propagaﬁon
controller 4 and a pattern generator 6. The s‘ystem interfaces to the disk storage device 8 via
the read/write transducer 10 and the actuator 12 which controls the position of the read/write
transducer. Usin.g only an electronic interface the self-servowrite apparatus can pattern the disk

. with servo information.

A commonly used servo architecture known as "embedded servo” in which servo.pattem
information is present on all disk surfaces is t-ypically used in disk drives. The dual revolution
clock propagation process described herein and in Patent Application Serial No. 08/028,044 is
used to gate the servo ;;attem generator 6 to write servo patterns onto all surfaces. The ability
to accomplish this with a minimum of revolutions is important in the case when the servowriter
is external to the disk drive which is contemplated to be the preferred commen_:ial

implementation of this invention.

In Figure 4 there is shown a process by which the trigger patterns are used to write servo
patterns on a first surface using a first recording head and other surfaces by switching to other
recording heads on other recording surfaces. The recording head is set to read mode and |
triggers on TP#1 which begins gating a pattern generator to write servo pattern SP#0), then the
next recording head in the stack of a inultiplatter disk drive is selected and a second servo
péttern SP#l1 is written on surface #1 and repeated to N surfaces. The number N is limited by

the time required to write each surface and switch the heads. At the end of the Nth surface the
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are accounted for "and corrected. For exanple in Figure 2 prior to witing
TP 26, the interval between TP 24 and TP 42 is measured on an extra

revol ution of the disk and stored as a time interval T45. The tinme intervals
T45 is used when the head is positioned on sero track #3 and triggers on TP
24 to wite TP 26 aligned to TP 42. The extra revolution of the disk breaks
t he casual chains denoted by Path 2 and Path 3, effectively | ocking

toget her the normal |y i ndependent random wal k pat hs and preventing the
growth of trac - | QWET .S e (528 d-riy

| nt er nat i onal éﬁ%dgﬂési %Cpééllqul‘éeg?‘% g’ﬁﬂﬁg @éﬁ 28 %Zr@ mﬁéﬁgﬁﬁégh%@ a5 t he
"dual revol uti Gimked ddekthp ndyaagge of afigger panterss 4s thtit $hion titnk elldvwal ditensungcds ax be
REPLACEMENT SHEET

written with servo pattemns within a single revolution of the disk, thus reducing servo write time.

GEOMETRICAL EFFECTS RESULTING IN SYSTEMATIC ERRORS

All clock propagation processes require that systematic errors (which produce the same error
on each sector of a servo track) are removed during the propagation process. Suéh errors
contribute to track misalignment and/or rotation of the pattern with resbect to a fixed frame.
As previously described the most obvious systematic en:or as described in IBM Technical
Disclosure Bulletin, Vol. 33, No. 5 (October 1990) is the electronic delay in the read to write
circuitry. However, the prior art does not teach that varying systematic errors (which change
with radial position) due to geometric effects which are particular to a head and actuator design
are present. If these errors are not compensated they will reduce the track to track accuracy
of the p!ropagation process and can accumulate to result in rotation of the pattern with respect
to a fixed reference. This rotation is shown graphically in Figure 8 where each TP on a
subsequent servo track is displaced from the previous servo track due to a systematic error
causing both pattern rotation and 'ﬁ fixed track to track misalignment error. In the case where
the pattern rotation matches the trajectofy of the actuator during a seek, no shift in timing
relative to index related to the rotational orientation of the disk will be present. This is the
desired pattern rotation since it #impliﬁes the disk file servo during long seeks. Thus patterns
which are written in such a manner as to have no timing shift relative to an index related to the
rotational orientation of the disk will necessarily be of the desired type. Several examples of
systematic errors are described below, but it should be understood that other similar effects can
result from particular head and disk- drive design. In general t.'or a given systematic error there

are three methods which can be used to remove these systematic errors -



10 I't is understood that in witing a trigger pattern a specjf
after a trigger one nust account. for the presence of el ectr omie:

the triggér and wite circuitry as is taught in the | BM Techni cal

Di scl osure Bulletin, Vol. 33, No. 5 (Cctober 1990). There the read/wite
delay is measured once and applied as a constant correction.

THI%SHL HAS BEEN
RESTACED
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The read/wite

del ay can be determ ned prior to beginiong the propagati on by |ocating the
had against a stop and witing a set of even nunbered trigger patterns.

recor ding head il d06kee %@é&?ﬁémw%og\i&&mﬁ#gflﬁﬁaJe ukd198 Corfhithd G NS and

writes an odd

gger ern at an rniti delay setting D after

The

each even nunbébheﬂloﬁtehggeéaclpﬂtbbzfgﬁﬁhn stap. anot her revol utlon of the disk, the
the tinme interval between each even nunbered trlrgegtsél 'gﬂgr ern and its
H

foll ow ng odd

Rdwererssticamertipg of g APty ntemal facasyse T BPRAERH O pReess

average of t hegqud,GEahdleGr HRleHESin T tisk 18 By ieRibhiaheafle bWA¥h 8@ lubdang chrdefall he

read/ wite delay correction that nust be subtracted from al conput ed del ay
settings in ordigdrives qfisogilar design.

RADIAL DEPENDENT TIME DELAY FOR INDEPENDENT READIWRITE SENSORS

The dual revolution timing pattern process described in Patent Application Serial No.

08/028,044 must be modified when the recording transducer has write and read elements which

are separate as shown in Figure 5. In this case a time delay or advance (relative to the case

where the write and read elements are not separate) is required to write a second trigger pattern

a specified physical distance after a readback trigger pattern. This time delay is a function of
the disk linear velocity given by —% where W is the separation between the read element 46
and the write gap 48 and V is the disk linear velocity. Furt_hcf, in.the case where the head is
skewed relative to the track as for example would occur on a rotary actuator the "apparent”
separation W of the read and write transducers as projected along the recorded track is modified
by the cosine of the skew angle of the recording head and will also vary as a function of radius.

The time delay due to the separation effect is given by

w

DELAY separaiion ="coumya R

where © is the skew angle of the recording head, Q is the disk rotation speed and R is the radius

of the track.
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conpensate for the el ectronics delay. However, WD 96/28814 and the | BM
Techni cal Disclosure Bulletin, Vol. 33, No. 5 (Cctober 1990) did not teach
how t o achieve optimumtrack to track trigger pattern alignnent in the 4
presence of ‘systenmatic errors (constant for every sector) but which vary as
a function of radial position in the propagation process. In particular

Pat ent Application No. WO 96/28814 does fdt teach: 1) Howto elimnate a
varying systematic error when the recordi ng head has spatially separate

read and writergl d,%&?fakﬁnééésﬁm?oﬁ W th &a,aﬁs&ﬁf ustR OR Y FSdusi datseRERritinEhi S
results in aread to wite tine delay Ich s radially dependent. 11
a TP 50, triggering on that trigger pattern on a subsequent revolution and writing a second
trigger pattern TP 52, a time T 54 later. Subsequent measurement of the actual time between
the two trigger patterhs is equal to the time T 54 plus any delay in the electronics (which is
fixed) and the delay due to the physical read to write separation W. Repeating this measurement
at two known radii, possibly the innermost accessible data track or inner radius (ID) and the
outermost accessible dafa track or outer radius (OD), with known skew angle can be used'to

compute the separation between the read and write elements. The measured total delay is given

by:

w .
RV, Delayl = COS((")I) O Ry +Delayeledmnic

W
R/W, Delay2 = 003(92) Q RZ +D elayekdcom'c

where this total delay referred to as the read to write delay, includes a delay due to the read to
write separation and an additional delay due to the electronics path in either or both the read
and write chain of the recording head.

The above relationships can be solved for W as given by

R/ Wl)elayl —- Rf WDvlay2

1 _ 1
cos(0;) R, cos(©,) Ry

W=0Qx

The delay for each propagation step can then be computed and updated as the timing pattern

is propagated across the disk surface.



2) How'to.renpve the varying systematic error due to a read el ement and
write element which are non-parallel resulting in an error in the
nmeasureneént of the time interval. 3) Howto elimnate servo pattern 4
~rotation.due to systematic errors by using a once per .revolution clock
~index derived formthe motor drive current waveformor any other sensor. In
: addit!on the WO 96/ 28814 does not teach: 23) How to mnimze the effect of
velocity jitter without decreasing the interval size. 2) Howto irrprove t he

control of intervals,b a.n et h de d
How t o achi eveMEmaiely, & ‘f°F°§dg “ﬁﬁh?‘gﬁﬂﬁf"a%g‘{ Wétglfi decé u?’?‘ 'R0 ura°§1 dg% 5Qﬁ| onal
revol ution of fheatlbfrocess anEklaAC BN foSiiEkrkiable delay. For the case of the dual

revolution timing pattern process a measurement of the delay and correction values is available

on each readback measurement revolution which will be described in the section "Process with

Systematfc Error Removal” below.

In some cases it may be desirable to use the above method to find the absolute radial position
of the head. For a given disk file the relationship between radial position of the head and the
skew angle may be ascertained. Once the separation between the read and write elements is
known, the electronic component of the delay may be defermined by solving the above equation
for the read to write delay at a given known radius. The same .equatio_n may now be solved to
determine absolute radial position by using the read to write delay measured with the head at

any other location.

READ TO WRITE NON-PARALLELISM

An additional systematic error occurs if the read element of a recording head is non-parallel
to the writing element. This is shown in Figure 6 where the written TP 64, TP 66, and TP 68
are non-parallel to the read element 62. TP 68 is written approximately one half off-track from
TP 64 and TP 66. When the read element 62 on track center 70 reads the trigger patterns, the
time interval measured between TP 64 and TP 66 is given by D1. The time interval measured
between TP 66 and TP 68 is equal to D2. The time interval D2 will be longer than D1 due to
the fact that TP 68 is off track and its angle results in a shift in the apparent ;:entcr of the trigger
pattern. To further clarify this effect, when the réad and write elements are parallel as shown
by TP 72, TP 74 and TP 76 the measured intervals per the above description result in the two

measured intervals D1° and D2° which are equal. -



12 SUMVARY OF THE | NVENTION I n accordance with the invention there is

provi ded, a nethod for determ ning separation between a read el ement and a
wite elenent of a head .in a direct access storage device having a rotati ng
di sk, The met hod conprises the steps of determining a first read to wite
~time delay with the head positioned at a first radius of the disk;

determ ning a second read to wite tinme delay with the head positioned at a
second radi us of the disk and conputing tgg separation between the read

el ement and the wite el enent based on a difference between said first
del ay and said second del'ay, and speed of REPLACEMENT SHEET :

This error can be removed during the propagation process by measuring the systematic error
of intervals comprised of both on-track trigger patterns versus those intervals with one on-track
" - and one off-track signal and storing the value. If this measurement is performed at a known

radius (mosi likely the ID or OD) then the shift S can be shown to be.

S=Delayx Q2 XR

With a measured value for S, the delay can be computed at any radial step.

Alternatively, -as noted in method #2 this error can be measured during ‘the propagation process,
as a separate periodic measurement step. In particular in the case where the read and write
elements have a more complex geometric misalignment rather than simply non-parallel, then
the delay may depend non-linearly on radial location. Correction of the effect would require

periodic measurement during the propagation process.

An additional consequence of this geometric effect is to create a pattern spiral which is shown
in Figure 7A where the TP 82, TP 84 and TP 86 are aligned to minimize the track to track
misalignment of the pattern, but the fcsult is a rotation of the pattern from Index 80 in the time
domain. As described above, this is not the desired pattern shape. It should be noted that any -
non-parallelism between the read element and the written transition will cause this effect and

it need not be limited to a constant angle between the read and write elcl:nents. Specifically, a
bending or warping of the written transitions arising from edge effects in the write process will
produce this effect. The desired pattern shape can be restored by using a once per revolution

index as described in the "Process With Systematic Error Removal” below. A uniqué feature



13 rotation of the disk. Preferably, at |east one of said steps of
determning read to wite tinme delay conprises the steps of witing a first

- trigger pattern with a wite el enent;
“nominal tinme T after trigging-on said first trigger pattern;

time interval

conputing a difference between said interd¥al and the nominal time T. In a
t he delays are a function of skew angle between the

B aq 1o while ndl el AR derddt R rllnct%s%%& RIS OralR Rfrdc gttt OP

preferred enbodi nent,

head and t he
of conputi ng.

between said first and said second trigger patterns; and

anot her preferr e et rther

conpri si ng themsaepsnnﬁhmcnnputing delay tines

- MISALIGNED HEAD MOUNTING

An additional geometric effect can occur if the recording head is non-parallel to the direction
of actuator motion. When the trigger patterns are aligned to minimize the track to track error,
a pattern rotation will resuit. A simple cxarriple is shown in Figure 7B, in which a head is
non-parallel to the motion of a linear actuator. When the trigger patterns TP 90, 92, 94 are .
aligned a pattern rotation occurs. Removing the pattern rotation shown by TP 90, 96 and 98
results in a track to track misalignment. A similar effect occurs when a head is misaligned on
a rotary actuator. Note that, unlike the read to write non-parallelism effect, misaligned head
mounting prdduces -only a pattern spiral error. There is no track to track timing error from this

cffect.'
PROCESS WITH SYSTEMATIC ERROR REMOVAL

In the propagation process shown in Figure 2 the odd numbered sectors are used for
synchronization in writing the subsequent even numbered sectors and on the next step (after
moving the head a short distance radially), the roles are reversed, with the even numbered
sectors used for synchronization in writing the subsequent odd numbered sectors. Although the
growth of random errors is r.emoved by the measurement feedback process, any systematic error
will result in a fixed track to track error and in a rotation of the entire servo pattem with respect
to a fixed reference frame. This is shown in Figure 8 where subsequent written TPs are

displaced a fixed distance from the previous servo track due to a systematic error.

witing a second trigger pattern a
measuring the

Y



resul tifng from skew for successive radial positions of the head with

respect to the disk as a function of said separation the skew angle, and
the rotational speed of the disk, and using said delay times to correct -
‘positioning ‘of trigger patterns as a servo pattern is witten on the disk.
15 Tn accordance wth anot her aspect of the invention there is provided a
-method for determining a value for systemat35c errors in the placenent of
data on a rotating storage medi um by a head having separate read and wwite

el enents, said, ogvoc'l"‘%re A whioh glu sysEemag gnm?g l%n%ved%g anrgl?&om <-:rrorsaértgi rem%

el ement and sal enen
in the pattern propagation proccss is shown in Fzgurc 9. A detaxled description of the process

is given below.

STEP 100 ) The process in initiated by writing a sequence of TPs and measuring the delay
between read and write as previously described and storing the delay as a variable Dgwy. The

TP shift due to read/write parallelism is checked and measured and stored as Dg.

STEP 102) The read to write dclay determined from STEP 1 is used to write the even numbcred
TPs on the disk. The location of the first TP with respect to index is recorded and the mdex

correction is set to zero.
STEP 103) The head is moved a fraction of the track width.

STEP 104) The alternate numbered TPs are written. This is initially the odd TPs but will

alternate between even and odd on successive propagation steps.

STEPS 105} Every interval corresponding to the time between TP is measured.

At STEP 105A, the intervals are divided into two groups /gy and /ne. The /ey correspond to a
time interval beginning with a full on-track TP and ending with an off-track TP. The /ur
corresponds to a time interval beginning with an off-track TP and ending with an on-track TP.

Combined these account for all the intervals on the disk.

At Step 105B, the location of the first TP in the group written is recorded during the same

revolution of the disk. -



measuring.a first time interval between trigger patterns which are witten
with the head | ocated at a given radial position on said disk, neasuring a
second tinme interval between a pair of trigger patterns the first of which
is witten with the head located at" a first radial position the second of
~which is witten wwth the head |ocated at a second radial position, said

- first and second radial positions being separated by a distance
sufficiently small to allow both first and gsgcond trigger patterns to be
read by the head placed at a single radial position and sufficiently large ..
to observe said systematic error.

STEPS 106) The measured intervals are used to calculate the time delay corrections.

* At STEP 106A, the /ur are used to determine the read to write delay to be used in the next TP

write.

At STEP 106B, the /¢y are input to the clock algorithm an corrections are computed to eliminate
the random growth of errors in the next TP write.

At STEP 106C, the location of the first TP to the index is used to compute a new index
correction to prevent the rotation of the pattern with respect to index. - It should be noted this
feature may be disabled for example to minimize track to track error by allowing the pattern
to rotate as in Figure 7. The index can be obtained from the current waveform in the DC
brushless motor typical%y used in disk drives or from any other available once-per-revolution
signal. P -

STEP 107) The outputs of each of the above described processes in STEPS 106A, 106B and

106C are used to compute the desired delay to write the alternate TPs at the next radial location.
STEP 108) The track count is checked to determine the end of the process.

The p-rocess then loops back to STEP 103.

In the above process in practice one may a\‘rerage' the measurements of the systematic errors

on two or more subsequent steps prior to making corrections to the computed delay values for

each interval. ) -
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17 Brief ‘Description of the Drawings Fig 1 illustrates a diskj aTnFc'JSa“;:éEy@AE(%%BEEN
di sk servo pattern. Fig 2 shows how i ndependent casual paths L-f;-%—_efn -
propagation are generated and can be eliminated by neasuring and by using +
~an additional revolution of the disk. Fig 3 shows the el ectronic servo
pattern witer. Fig 4 shows how servo patterpg are witten with a dual
revol ution process. Fig 5 shows how t he physical separation of read and
wite elenments results in a tine delay. Fig 6 shows how a non-parall el
read/ wite heageLesyry ERROBECOHRETEAON Sshift of the trigger pattern when
the head is noved off track center. Fig 7a shows non-parallel read and wite
el enments resulting in pattern rotation. Fig 7b shows a m sal i gned head

mounting resul {/;):E]agorllsr}n Bx%‘tdgs rr&atﬁo(r)ltsg‘éeh Ui cause errors in the propagation process described

above. In the Patent Application Serial No. 08/028,044 it was taught that the magnitude of this
error is proportional to the interval spacing. Therefore this error can be minimized by reducing
the interval size which comresponds to the time between any two consecutive odd (or any two
consecutive even) trigger patterns until this term is negligible. In certain cases the reduction

of the interval to reduce this error to a negligible level may' not be practical.

In those cases where intervals can not be reduced we disclose a new method in which the .
velocity of the disk is measured “on the fly". Errors in the written TP location will occur when
the velocity of the disk is different during the read and the write step .as in the dual revolution
timing pattern propagation of Patent Application Serial No. 08/028,044. In this process the
nominal interval length comesponding to the average of the interval times (cither or both
readback and write interval times) for one complete rotation is used to estimate the disk average
or nominal velocity. As shown in Figure 10, by measuring the time interval between the TPs
during the write process, an estimate of the local disk velocity can be obtained by comparing
this interval with the nominal interval ai the nominal velocity. As the rate of cha‘nge of vclo.city
is limited by the disk inertia, a set of interval measurements immediately preceding the TP to
_be written may be averaged to estimate the current disk velocity. For example when the head
s centered on servo track #1, intervals T 114 and T 116 can be measured to estimate the local .

disk velocity prior to writing TP 118.

[
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Fig 8 shows the effect of systematic errors on pattern propagali&SHEET AS BEEN
shows a process to renpve systenatic error and elimnate pattjern r BEBLRAGRP
Fig 10 shows 'a nethod to renove the effects of spindle velociTy jrtter.  a
Fig. 11 shoiws a nethod of clock propagation with reduced interval jitter.

Fig 12 shows a nethod of clock propagation a4 thout incurring an additional
revolution of the disk. Fig 13 shows how servo patterns are witten with

the single revolution clock propagation process. REPLACEMENT SHEET 18

METHOD FOR IMPROVED INTERVAL CONTROL

The previously disclosed method of Patent Application Serial No. 08/028,044 employs interval
. measurements during the trigger pattern propagation. 'When an error occurs in an interval it is
unknown which of the two TPs defining the interval is erroneously positioned. As a result,
when the method propagates with correction values of F (F is defined below) less than 1, the
TP location errors propagate (in a decaying fashion) to neighboring locations. A demonstration
of this is diagrammed in fhe top _half of Figure 11, On servo track #1 TP 150 is erroneously
shifted with respect to TP 132 resulting in an interval measurement T 145 less than the nomir_lél.
On-the next step of the process the head is positioned or servo track #2 and TP 134 is written
with an eﬁor to correct for the short interval T- 145. Subsequent writing of servo tracks #3 and

#4 shows that the error propagates in a decaying fashion.

In the method for improved interval control information about the position of a particular TP
is extracted. Rather than specifying a particular interval from the, previous TP as the desired
nominal position, the interval data! from surrounding TPs are used to provide position
information. The interval between the TPs currentl.y being evaluated and each TP within a

specified number of transitions is computed.

As an example of using the nearest neighbor comparison the location of TP 150 is evaluated
by measuring the interval T 135 and T 157. Similarly TP 132 is evaluated by measuring T 124
and T 146. In the case where T 124 and T 146 are not equal, and T 135 and T 157 are equal
then the location of TP 150 is in error and not that of TP 132.. In actual practice this process
is extended beyond nearest neighbors and averaged for an appropriate specified number of

neighboring intervals to provide information on TP placement.

[
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Det ai | ed Description of the Preferred Enbodi nents SELF- SERVOARI TER OVERVI EW
A system overview of the self servowite apparatus is shown in Figure 3..
The systemis conprised of electronic blocks including a radial propagatiom
rcontroller 2, a timng propagation controller 4 and a pattern generator 6.

- The systeminterfaces to the disk storage device 8 via the read/wite-
~transducer 10 and the actuator 12 which cont?®ls the position of the
~read/write transducer. Using only an electronic interface the '

sel f-servow i tNGPRIINGEUPRIN REUNGE PATERN Sk With servo information. A
commonly used servo architecture known as "enbedded servo” in which servo

pattern information is present on all disk surfaces is typically used in
~disk drives. The dual revolution clock propagation process described herein
and in WD 96/ 28&ihg infamasendn the forat «f eqiably sppeedariggat gaterns (gbick censist of®ne or mere t e

servo patterns onto all surfaces. The abi)ity tqg acconplish thi i th
mi ni mum of r eVEItR MAgstic wansitigns) atane rad Q%‘é‘%é‘é%&éﬁ%ﬁaﬁgﬁﬁ %&9@3’5‘1’&%‘? tné

entire disk radius without incurring a growth in the track to track alignment of the timing
information. This process is further accomplished within a single revolution per servo track,
thereby adding no additional time to the process of servowriting the disk drive. The importance
. of this advance is critical for cases where the self-generation process occurs external to the disk
drive and where additional rotations of the storage media directly impact the number of
se-r'vowriter systems required. For example a timing pattcm which required two reyolutions of
the rotating storage media and one additional revolution to move the recording head to the next
servo track location would require 50% more sewov;riters than the method described above.

This can represent a large capital cost, when the servowriter is external to the storage device.

The process of self-propagation of a timing pattern is described in the steps below and is shown f
: i
in Figure 12. In this example A is equal to one half the interval T, but in general A can be any

fraction of T.

1. A recording head is located on servo track location #0 and writes a series of even number
trigger patterns corresponding to every other sector on the disk surface, with a nominal interval
size T. '

2. The recording head is servo-positioned to servo track location #I.

3. The recording head triggers on each of the N even numbered trigger patterns and writes an

odd number trigger pattern at a time A following each even numbered trigger pattern. During



Is external- to the disk drive which is contenplated to be the preferred
commercial inplenmentation of this invention. In Figure 4 there is shown a
.process by which the trigger patterns are used to wite servo patterns on a,
ifirst surface using a first recording head and ot her surfaces by switching
.to other recording heads on other recording surfaces. The recording head is
set to read node and triggers on TP#1 which,begins gating a pattern
‘generator to wite servo. pattern SP#O then the next recording head in the

stack of a nulti Iatter d| rive s selected and a secon rvo pattern
SPAI 1 wr £t eR S TIPS e e R e R SO R PE R DR o

limted by thesthdiBurddtedlideSded 8 a\%an Rer@RaldrSit ther@afieang), Wkl Grubd o @3gls. At
t he end of theNNth surface the

4.The intervals B(n), are computed from the stored time intervals and the interval A given by

B(n) = F*{T(n)- A} + {1-F}*A.
5.The recording head is servo-positioned to the next servo track location.

6.The recording head triggers on each of the N odd numbered trigger patterns and writes an
even number trigger pattern at a time B(n) after each of the even numbered trigger pattern.
During this write sequence the time interval between every two adjacent even numbered trigger

. pattern is measured and recorded in a computer memory as the values S(n).

7.The intervals C(n), are computed from the stored time intervals_and the intervals B(n) given

i
by C(n) = F*{S(n)- B(n-1)}+{ I-F}*A.
8.The rccording' head is servo-positioned to the next servo track location.

9.The recording head triggers on each of the N even numbered trigger patterns and writes an
odd number trigger pattern at a time C(n) after each of the even numbered trigger pattem.
During this write sequence the time interval between every two adjacent even numbered trigger

patterns is measured and recorded in a computer memory as the values T(n).

10.The intervals B(n), are computed from the stored time intervals and the intervals C(n) given

by B(n) = F*{T(n)- C(n)} + {1-F}*A.



head nmust .be switched to the first surface #Oin tinme to read the next
sector TP#2. This process nakes clear the advantage of trigger patterns as

itheir short tine allows other surfaces to be witten with servo patterns =

within a single revolution of the disk, thus reducing servo wite tinme.
GEOVETRI GAL EFFECTS RESULTI NG | N SYSTEMATI C ERRORS Al |l cl ock propagation
processes require that systematic errors (which produce the sanme error on
each sector of a servo track) are renoved3during the propagation process.
Such errors contribute to track m salignnment and/or rotation of the pattern
with respect to a fixed frame. As previously described the nost obvious
systematic.error as described in | BM Technical Disclosure Bulletin, Vol.

33, No. 5 (COct bbdrocemige process st &|apdrepeshsteps Fa#AQ untih thesatice dighy syrfacqsifilled

circuitry. Howeyver jor art does not teach that varying systematic
errors_(mhichmgﬁgﬁgggaﬁTﬁ&$§dial position) due to geonetric effects which

are particular to a head and actuator design are present. If these errors
are not conpensated they will reduce the track to track accurac
T

of the
propagation prBdesaumbRiremQ tod b Irepresen ereighting fagor uspdhieicgReh FAKHR "t ter n

with res peCF -misalignment. For example when F =1, the track to track misalignment error is minimized, but
the absolute interval will deviate from the nominal value. When F =0 the nominal interval size
is maintained but track to track errors will grow unbounded.
Jt is understood that in addition to the above process to r;.movc random error growth, one must
measure a.nd correct for all systematic delays due to both electronic and gcorhetric effects as
described earlier. In addition the methods previously described of "Improved Algorithm for
Interval Control” can similarly be applied to this process.

i

The propagation of servo patterns using this clock propaga;ion process is shown in Figure 13.
The recording head is set to read mode and triggers on TP O which begins gating a pattern
generator to write servo pattern #0, then the next recording head in the stack is selected and a
second servo pattern #1 is written on surface #1 and repeated to N surfaces.. The number N is
limited by the time required to write each surface and the head switch time. At the end of the
Nth surface the head must be switched to the first surface #( -in time to write the next sector

TP 1.



to a fixed reference. This rotation is shown graphlcally in Flﬂufﬁ58*%ﬁg

each TP on a subsequent servo track is displaced fromthe previ
track due to a systematic error causing both pattern rotation a'ﬂ a fi1xed

track to track misalignment error. In the case where the pattern rotation

ous ng“:‘v

S BEED
ED

mat ches the trajectory of the actuator during a seek, no shift in tining
relative to index related to the rotational _orientation

present. This is the desired pattern rotatPdn since it Si rfg

_manner as to have no timing shift relati %A an index re

t he dISk

.4

Jsl
file servo during |ong seeks. Thus patterns which are vvrltt ks S ‘if@m laced

rotational orientation of the disk will necessarily be of t
Several exanples of systematic errors are described bel ow, but |t shoul d be

under st ood t hatwhat BRhinsadns:| ar effects can result from particul ar head and

~disk drive design. In general for a given systematic error there are three

nmet hods whi ch can be used to renove these systematic errors

A method for determining separation between a read element and a write element of a
head in a direct access storage device having a rotating disk, with the head being

positioned for interaction with the disk, comprising the steps of:

determining a first read to write time delay with ‘the head positioned at a first radiu_s of

the disk;

determining a second read to write time delay with the head positioned at a second radius

of the disk;

. <
computing the separation between the read element and the write element based on a
difference between said first delay and said second delay, and speed of rotation of the

disk.

The method of claim 1 wherein at least one of said steps of determining read to write -

time delay comprises the steps of:
writing a first trigger pattern with a write element;

writing a second trigger pattern a nominal time T after triggering on said first trigger

pattern; -

AN 0 0
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REPLACGEMENT SHEET 20 1) Measurenent of the error at one or rmr\ KnoWEPLAGED
whi ch are used to conpute the correction termat each propagat 7
I n-process correction of the error by internal measurenents during the -+
propagation ‘process 3) Measurenents of the error in thedisk fite, by '

external .neans, which are used to correct all disk dri¥gssnedt Has Béeh Réplaced
desi gn. RADI AL DEPENDENT TI ME DELAY FOR | NDEPENDENT REA umﬁmﬁﬁt The
e
enent s

dual revolution timng pattern process des¥ribed in WO
nodi fi ed when the recording transducer has wite and re I ch
are separate as shown in Figure 5. In this case a tine delay or advance
(relative to the case where the wite and read el enents are not separate)
is required to wi tnasurisg e nishetintergg detwpat sa@rfinst and said second trigger patterns; and

computing a difference between said interval and the nominal time T.

3. The method of claim 1 wherein the delays are a function of skew angle between the head

and the rr;oving disk, and skew angle is-also. used in said step of computing.

4. The method of claim 3 wherein said separation is determined by using the relationship

RWpeiayy — RiWpepayn

1 _ 1
cos(©;) Ry cos(9y) Ry

W=Qx

where

W = the séparation

Q = the rotational velocity of the disk
R, = the first radius

R, = the second radius

©, = skew angle at the first radius

O = skew angle at the second radius

5. The method of claim' 1 further comprising the steps of: -

* c L M H *
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a. speci fi ed physical distance after a readback trigger patter | Redl ABED

delay is a function of the disk |linear velocity given by [err,—_—_\adaeﬁezé&lzﬁz_——
t he separatlon between the read elenent 46 and the wite gap 48 and Vis
the disk linear velocity. Further, in.the case where the head is skewed
relative .to the track as for exarrple woul d ¥ccur on a rotary actuator the
"apparent"” separation Wof the read and wite transducers as projected

along the recorded track is nodified by the cosine of the skew angle of the
recording head and bl &fhy Vel redfun el HF&E&/ 8 silceds fh\ua pobliSnd LeTh; fiEh Y
due to the separation effect is givenb ere erri s t Skew

angl e of the recor dwitgrebpeetcdp d{eehsk]asn@nt:tim ofl s8d saparttitin (helsl&p/%dlcam the i s the

radius of the track, rotational speed of the disk, and

using said delay times to correct positioning of trigger patterns as a servo pattem is

written on the disk.

6. The method of claim 1 wherein said first radius is the inner most accessible track of the

disk and said second radius is the outer most accessible track of the disk;

7. A method for determining a value for systematic errors in the placement of data on a
rotating storage medium by a head having separate read and write clements, said errors
being due to geometric misalignment of said read element and said write element,

comprising the steps of: ]

measuring a first time interval between trigger patterns which are written with the head

located at a given radial position on said disk,

measuring a second time interval between a pair of trigger patterns the first of which is
written with the head located at _é first radial position_ the second of which is written
with the head located at a second radial position, said first and second radial positions
being separated by a distance sufficiently small to allow botﬁ first and second trigger
patterns to be read by the head placed at a single radial position and sufficiently largc.

to observe said systematic error.
-

| _ LT
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21 The' read to wite separation Wcan be neasured using only tﬂ@‘%}‘éﬁkﬁ% BEENJ
data head by witing a TP 50, triggering on that trigger pattlern_o

subsequent revolution and witing a second trigger pattern TP 52, atime T 4
54 | ater.-Subsequent measurement of the actual time between the two trigger
?patterns is equal to the time T 54 plus af® delay in the electronics (which
is fixed) and the delay due to the physical read to wite separation W

Repeating this nmeasurenent at two known radii, possibly the innernost
accessi bl e datg tragk n%fho& B8k [PhdiSn {aidh gste s BUbatIRS] wit B8 $Sddk §
data track or outer E w th known s ngl e can be_used to

conpute the separ atkmmm ﬂaammmcsme to @aidiiskradd wiaut@Speebdearfrmﬂ disk shirfeceripapradiet]
total delay is give rr rrl. re.this total delay referred to as
the read to wite d’gf"é‘%)/ Jﬁﬁ%ﬂé?‘da‘}‘ﬁeal"g?a“ﬁ{? 0 the read to

9. The method of claim 7 wherein said errors are due to non-parallelism of said read

element and said write element.
10.  The method of claim 7 in combination with
providing a servo pattern on the disk; and

using the measurement of the systematic errors-to correct position of trigger patterns

used to write said servo pattern on the disk.
11.  The method of claim 10 further comprising the steps of: K

determining the systematic error at additional radial positions of the head with respect

to the disk to determine updated systematic error values as a function of radius: and .

using the updated measurement of the systematic errors to correct position of trigger

patterns used to write said servo pattern. on the disk.

12. A method for correcting for systematic errors in the writing of timing patterns on a

rotating disk by a head in a disk drive, comprising the steps of:

! This Sheet Has Been Rep
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wite ‘separation and an additional delay due to the el ectroni §*ﬁ%§HE?FHASBEEN
either ar. both the read and wite chain of. the recording headL The B&5

~relationships can be solved for Was given by [err] The delay for each 4
- propagation step can then be conputed and updated as t'he timng pattern is
propagat ed across the di sk surface. 2§5Alternat|vely, as noted in nethod

#2 the read to wite delay can be neasured during the propagati on process
and used to correct for the variable delay. For the case of the dual

revol ution tim ng Rafih@h firsP Eete L8t rigrelPaAEME RITE B h@ufdatcberusdgbﬂibnaﬂd faQrdaget i on
val ues is avallablef 4 disk:
01 sal 1S

recording the time interval between a rotational index related to the rotational orientation

of the disk and at least one trigger pattern on said first track;

computing an index correction value from the deviation of the time interval which was

recorded from a predetermined desired time interval; and

using said index correction value to shift location of each trigger pattern written on a

subsequent track.

13. A method for correcting for systematic errors in the writing of timing patterns on a
rotating disk by a head in a disk drive, comprising the steps of:
i

writing a first series of trigger patterns with the head on a first track of said disk;

recording a first time interval between a rotational index related to the rotational

orientation of the disk and at least one trigger pattern on said first track;
. writing a second series of trigger patterns with the head on a second track of said disk:

recording a second time interval-between a rotational index related to the rotational

orientation of the disk and at least one trigger pattern on said second track;

is Sheet Has Been Re laced
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on each readback neasurenent revol ution which will be descriﬁgHHﬁﬁﬁggggggEBEEN
p

section "Process with Systematic Error Renoval" below. In so cas

 be desirable to use the above nmethod to find the absolute radial position =«
-of the head. For a given disk file the relationship between radial position
of the head and the skew angle may be adtertai ned. Once the separation.
between the read and wite elenents is known, the electronic conponent of
the del ay nay be determ ned by solving the above equation for the read to
wite delay at a gtongputidgwVifidek @6krddGon vRlIR R MRe Gifftkdhde YBwWIBRY saltDfYsdUad SQ&byELd to
determ ne absolute radial position by using the read to wite del ay:
measured with the FENEeddimedngrvalsaad | ocati on. READ TO WRI TE NON- PARALLELI SM
An additional systematic error occurs if the read el ement of a recording
head is non-parallel to the witing element. This is shown in Figure 6
where the witten Udhgedid ifdex 6@rectimd/aii tbsdifaloeation of ol alghe|pattadn viiten e

el enrent 62. TP 68 i% mﬁitteE approxi mately one half off-track from
subsequent track.

14. A process for self servowriting a rotating disk in a disk drive including a head positioned

for interaction with the disk, comprising the steps of:
writing a first set of trigger patterns on a first track;
determining a read to write time delay;

determining an index correction value;
i

determining at least one random error correction value;

computing a set of delay values which are a function of said read to write time delay,

said index correction value and said at least one random error correction value.

triggering from said first set of trigger patterns and writing a second set of trigger

patterns on a subsequent track using said delay values.

15. A process for self servowriting a rotating disk in a disk drive including a head positioned

for interaction with the disk, comprising the steps of: o
This Sheet Has Been Reﬁaced
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AS BEEN
TP 64 and TP 66. Wen the read el enent 62 on track center 70 5‘6? ‘?@%ELTAZED -

trigger patterns, the tinme interval neasured between TP 64 an ~
gi ven by D1. The tine interval measured between TP 66 and TP 68 is equal t O
D2. *The time interval D2 will be longer than Dl due to the fact that TP 68

is off track and its angle results 4gn a shift in the apparen
trigger pattern. To further clarify this effect, when the rea(ﬂlS@Héit%'BE&Re

"elenments are parallel as shown by TP 72, TP 74 and TP 76 the laced
i nterval s per t he above descri ption result in the two neasur eﬁmm,”am”'
and D2 which ?@“zg‘kead to Wiite tithe d€fa,0r can be rermved durin

propagatlon proces y measuring the systematic érror interval s

conprised of both on-track trigger patterns versus those intervals with one
on-track

- writing a first set of trigger patterns on said first track;
dc_tcrminiﬁg an index correction value;
moving the head a fraction of a track width;
writing a second set of trigger patterns.

measuring first times between each first trigger pattern and a following second trigger
pattern and measuring second times between each second trigger pattern and a following

i
first trigger pattern;

calculating an updated read to write time delay based on said first times;

utilizing said second times to determine a deviation from a nominal interval time to

compute random error correction delay values;
updating the index correction value;

computing a set of delay values to write trigger patterns on a subsequent track as a
function of the updated read to write time delay, the index correction value and the
random error correction values whereby the growth of random and systematic errors in

placement of said trigger patterns is eliminated.

T e L M s e




and- one ofif-track signal and storing the value. If this neasdf eHEhEHE 2AS BEEN
perfornmed at a known radius (nost likely the ID or OD) then tihe_shi Ffj?n

be shown to be. [err] Wth a neasured value for S, the delay can be

conput ed. at “any radial step. Alternatively, as noted in nmethod #2 this
error can be neasured during the propagagsi on process, as a separate
periodi ¢ measurenent step. In particular in the case where the read and
wite elenents have a nore conpl ex geonetric msalignnent rather than

si nply non- pargal | d }/Zé&i on- | al

| ocati on. Corrlfglctleic‘)n"tl %tgrﬁ%‘cg’fr %?qu}? 7 &dde{émmn e%?% %‘é‘géﬁf’ gg‘e’ﬁt
during the propagadomprisepreaepsof: An addi t i onal consequence .of this geonetric
effect is to create a pattern spiral which is shown in Figure 7A where the
TP 82, TP 84 and TP 86 are aligned to mnimze the track to track

m sal i gnment of theg. t ' .rotation of the pattern
fromlgdex 80 int re&?taf%t #ﬁ%‘%&:ﬁ%ggﬁe’gbove, this is not IOt he
desired pattern shape. It should be noted that any .

writing a second trigger pattern a nominal time T after triggering on said first trigger

pattern;
measuring the time interval between said first and said second trigger patterns; and

computing a difference between said interval and the nominal time T.
17. A method of measuring the disk velocity at a given time comprising the steps of

measuring time intervals between successive trigger pattems just prior to said given

time;
computing instantaneous disk velocity based on said time intervals; and

writing a next trigger pattern after said given time at a delay time corrected for deviation

of said instantaneous disk velocity from average disk velocity.

18. A method for determining which trigger pattern of a first trigger pattern a second trigger
pattern in a series of trigger patterns that define successive time intervals is misplaced,

comprising the steps of: -

This Sheet Has Been qulaced
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nent paral l-el i sm bet ween the read el enent and the witten tre,lEnEH“SiE‘d'JEEmHAS'BEEN
cause this effect and it need not be limted to a constant &ngle BEPIWRCED
the read and wite elenents. Specifically, a bending or warping of the =3
witten transitions arising fromedge effects in the wite process w |
produce this effect. The desired patteraoshape can be restored by using a
once per revolution index as described in the "Process Wth Systematic

Error Renoval " bel ow. A unique feature 24 of this read to wite

non-paral l el i sm ef ticqgrt'mdn'?% fir8Aimd ihteFvar BlilvSen sid 2k Brigded JaBGK addat 14a8iChe binBd NY
error and a pattern spiral error. M SALI GNED HEAD NTI NG An addi ti onal
geonetric effect caizgoggawmif the recording head is non-parallel to the

di rection

determining second time intervals between said second trigger pattern d and at least

one other trigger pattern

comparing the first and second time intervals to determine which of said first and second

.trigger patterns is misplaced.

19. A method for generating timing patterns for self sérvowriting of a rotating disk in a disk

drive coinprising the steps of:

writing a first set of trigger patterns on a first track of said disk;

during a single revolution of said disk, placing a second set of trigger patterns on a .
second track of said disk and determining random errors in location of said second
trigger patterns relative to said first set of trigger patterns;

computing correction values to compensate for said location errors;

writing trigger pattemns on a subsequent track of said disk with locations altered by said

correction values, whereby errors in placement on said first track are not propagated to

said subsequent track.

20. A method for generating a timing pattern for self-servowriting on a rotating disk having

a head positioned for interaction with the disk, comprising the steps of:

This Sheet Has Been|||¢ﬂlaced
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e

. IR HEETHAS BEEN
of actwuator notion. Wien the trigger patterns are aligned to‘fmT'FinsrrS]'q LARE |
track to track error, a pattern rotation wll result. A si ‘

shown in Figure 7B, in which a head is non-parallel to the ”Df‘HnsOSﬂeéP $Been Replaced
| i near actuator. Wien the trigger patterns TP 90, 92, 94 are al " ﬂ”il,

pattern rotation occurs. Renoving theélpattern rotation shown b

and 98 results in a track to track msalignnment. A simlar eff

when a head is nisaligned on a rotary actuator. Note that, unllke t he read
to wite non-parallelismeffect, msali ?ned head mounti ng produces only a
pattern spiral deWBng afiest arack inpluding &k firss tigger Ipattérns spaced mboutf saddmradk; S

ef fect. PROCESS W TH SYSTEMATI C ERROR REMOVAL I n the propagati on process
shown in Figure 2 the odd nunbered sectors are used for synchronization in
writing the subsequent even nunbered sectors and on the next step (after

novi ng t he - head. smovivgy thedieall dycedisadia bbirdspordifg kPh EacBbE of ﬁiéeﬁéa@%ldm tda
t he even nunbered sectors used for synchronizatron in witing t

subsequent odd fmstresercettackect ors. Al t hough t he

C. detecting each of said first trigger patterns and writing a corresponding second
trigger pattern on a second servo track at a time interval A after detection of each
of said first trigger patterns, while measuring first time intervals T(n) bétween every

two adjacent first trigger patterns;

d. computing a first set of times B(n) which are a function of the first intervals T)

and A;

¢. moving the head by a distance corresponding to a fraction of the width of said

head to a second servo track;

f. writing a corresponding third set of trigger patterns at times B(n) after detection
of said second trigger patterns, and measuring time intervals S(n) between every two

adjacent second trigger patterns;

£. computing times C(n) which are a function of the intervals S(n), said first times

B(n), and A:

h. moving the head by a fraction of its width to a third servo track;

- * C L M s *



gf owt h of .random errors is renoved by the neasurenent .f eedbETll'“%lsé‘éEé}ﬁ%pé%%%/E “
systematic error will result in a fixed track to track errof_and _Lh-2a -
rotation of the entire servo pattern with respect to a fixed reference N
frane. This'is shown in Figure 8 where subsequent written TPs are di spl aced

: a fixed distance fromthe previous servo 4xack due to a systematic error.

| 25 A flow chart by which-the systematic error is renoved as well .as random
errors are renoved in the pattern propagati on process is shown in Figure 9.

A detail ed descri pti oiweifing i eorpsadingfosh st urigdre pateins Sldaid thd9 CO(n) Bifeer

process in initiated by witing a sequence of TPs and neasuri ng .the del ay

- between read and wri t@t"ﬁgm‘p‘?fé’fﬁ%o‘iﬁ?@ 4 LRGSR EH ALY G SPIeRd HBE djerids o

variable Dferr]. The 1) between every two adjacent third trigger patterns;

j- computing a second set of times B(n) which are a function of the second intervals

T(n), said times C(n), and A;

k. for writing subsequent servo tracks on said disk, repeating each of steps e through

j until a desired portion of the disk is covered with servo tracks.

L3

21. A method for removing a systematic error which varies radially during a self servo

writing of a disk drive having a rotating disk comprising the steps of:
a. measuring the systematic error at a plurality of predetermined radial positions; and

b. correcting for the systematic error as servo tracks are written at said radial
positions by an amount determined in step a. so as to cancel the systematic error,

whereby the servo pattern rotates with respect to the disk in a desired manner.

22.  The method of claim 21 wherein random errors in the -placcment of servo patterns are

also corrected.
23. A disk drive comprising:

a rotating disk therein,
Been Re taced
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TP shift due to read/wite parallelismis checked and neasur eg
as Dierr]. STEP 102) The read to wite delay determ ned from
to wite the even nunbered TPs on the disk. The location of the
-With respect to index is recorded and the index correction is set to zero.
STEP 103) -The head is noved a fraction of ,gshe track width. STEP 104) The
alternate nunbered TPs are witten. This is initially the odd TPs but w |
al ternate between even and odd on successive propagati on steps. STEPS 105)
Every interval correshadeidily posiddned by deachebyegn TP is nmeasured. At STEP
105A, the intervals are divided into two groups I[err] and I[err].. The
I[err] correspond to a tine interval beginning with a full on-track TP and-

ending with an of f-t4 agkerlB writiEtithin oatinme interval
begi nning with an of f- trgck“$P an% ghﬁknpgﬂﬁﬁﬁngﬁggﬁﬁtrack TP. Conbi ned

t hese account for all the intervals on the di sk. At Step 105B, the l|ocation
of the first TP in th% ar OUECWW|tten I s recorded during.the sane
pattern being written so that systematic errors are eliminated; whereby the servo
pattern rotation matches the trajectory traced out by the head in its radial motion across

the disk.

24.  The disk drive of claim 23 wherein said servo pattern is also written so that random
errors in the track to track alignment of the servo patterns are statistically constant in

their root mean square value across at least a desired portion ‘of the disk surface.

25. . The disk drive of claim 23 wherein said servo pattemn is also written so that random
errors in the track to track alignment of the servo patterns are corrected in a manner that
leads to a growth of errors that is less than the square root of the track number typical

of a random walk process.

26.  In adisk drive having a head with separate read and write elements, said head being for
interacting w§ﬂ1 a rotating disk, a method for determining radial position of the head

with respect to the disk, comprising the steps of:

ascertaining a relationship between radial position of the disk and skew angle between

the head and the direction of motion of the disk relative to the head;

ascertaining the separation between the read element and the write element;

[
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ravolution of the disk. 26 STEPS 106) The neasured inter vil BIGSEEE d#\S BEEN |
calculate the time delay corrections. At STEP 106A, the I[erf{] __are RERIACED

determ ne the read to wite delay to be used in the next TP write. At SIEP 4
'106B, the I[err] are input-to the clock algorithman corrections are
rconmputed to elimnate the randomgrowh of errors in the next TP wite. At
STEP 106C, the location of the first TP4to the index is used to conpute a
new i ndex correction to prevent the rotation of the pattern with respect to
index. It should be noted this feature may be di sabled for exanple to

mnimze tr elerhfhihg 2F Kir& e tPWritd 4y B8th HE nBRE L8 Brst radius;

determining a second read to write delay with the head at an unknown radius;

computing the unknown radius from said first read to write delay, said second read to -

write delay, said relationship and said separation between said elements.

. This Sheet Has Been Re ,i
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to* fotdte as in Figure 7. The index can be obtained fromthe current
waveformin the DC brushless notor typically used in disk drives or from
~any ot her avail abl e once-per-revolution signal. STEP 107) The outputs of 4
“each of the above described processes in STEPS 106A,. 106B and 106C are used
.to conpute the desired delay to wite thed4dlternate TPs at the next radi al

.l ocation. STEP 108) The track count is checked to determ ne the end of the
‘process. The process then |oops back to STEP 103. |n the above process in
practice one may average the neasurenents of the systematic errors on two
.or nore subsequent steps prior to making corrections to the conputed del ay

values for ejpibydVRMENTS IN SELF-SERVOWRITING TIMING PATTERN GENERATION

ABSTRACT

The present invention discloses improved placement of timing patterns in self Servo writing
which includes correcting for random and systematic errors due to geometric effects. In a disk
drive (8) having a recording head (10) with separate read (46) and write elements (48), the
separation between the elements (46, 48) can be determined and such errors corrected as a
function of skew angle between the head (10) and the disk. Errors resulting from
misalignment and non-parallelism of the elements (46, 48) as well as misalignment of the head
(10) on it its actuator (12) are also detected and corrected. Errors due to changes in rotational
velocity of the disk and misplacement of timing patterns with respect to adjacent timing
patterns are detected and corrected. In general, a single revolution process can be used to both

write and detect random errors on each track and corrected on subsequent tracks.

Figs. 3.



2«7/ VELOCI TY ERROR CORRECTION Variations in the disk rotation speed wl|l
-cause errors in the propagation process descri bed above. |In the Patent
Application Serial No. 08/ 028,044 it was taught that the magnitude of thisg
error is proportional to the interval spacing. Therefore this error can be
m nim zed by reducing the interval si?i%wnch corresponds to the tine
bet ween any two consecutive odd (or ahy"two consecutive even) trigger
patterns until this termis negligible. In certain cases the reduction of
the interval to reduce this error to a negligible | evel may not be

practical. In those cases where intervals can not be reduced we disclose a
new nmet hod in which the velocity cﬁF&P di I's nmeasured "on the fly".
Errors in the witten TP | ocation wl ctut when the velocity of the disk

is different during the read and the wite step as in the dual revolution
timng pattern propagati on of WO 96L288 In this process the nom na
i nterval |ength correspondi ng, the interval tinmes (either

or both
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readback and wite interval tines) for one conplete rotation is used to
estimate the di sk average or nom nal velocity. As shown in Figure 10, by
measuring the tinme interval between the TPs during the wite process, an 4
estimate of the local disk velocity can be obtained by conparing this
interval with the nom nal interval at ZAe nom nal velocity. As the rate of
change of velocity is limted by the disk inertia, a set of interval
measurenents i medi ately preceding the TP to be witten may be averaged to
estimate the current disk velocity. For exanple when the head is centered
on servo track #1, intervals T 114 and T 116 can be neasured to estimte
the local disk velocity prior to witing TP 118. REPLACEMENT SHEET 28

FIG. 2
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METHOD FOR .| MPROVED | NTERVAL CONTROL Thée previously disclosed method of WD
96/ 28814 enpl oys interval nmeasurepents during the trigger pattern
propagati on. When an error occurs in an interval it is unknown which of the
two  TPs defining the interval is erroneously positioned. As a result, when
t he nethod propagates with correctiog/ﬁg ues of F (F is defined below) |ess
than 1, the TP location errors propagate (in a decaying fashion) to

nei ghboring | ocations. A denonstration of this is diagramred in the top
hal f of Rege-ll_n servo frack #1 TP 150 is erroneously shifted with
respect tjo TP 132 resulting in an interval nmeapurement T 145 |ess than the
-nom nal . |On the next step of the pg ad is positioned on servo
track #2 Jand TP 134 is witten wt correct for the short
interval [T . ent writing cks #3 and #4 shows that the
error prdpagates<in a pecaying fashi met hod for inproved interva

control ijnf grmaty on abput the posi ticular TP is extracted.
Fomthe previous TP as the

Rat her than [spéEfyingl a particul a
desi red © X
3] —
<
o, Y
o =
= O
0-4_'2 ——————
=11] 2 s w)
(o)
S &
-g § *
= < (E_)
A~ =
o
p)
> gg <
] Moy
= =
0o y Y
E— 9 4 ;
O W
= i
— =
= m
Y ®
=
= 5
o plas
S 2y
S0 g
]
Q."—(
et
=
=S
. >
>
3]
(@'t

FIG. 3



In the case where T 124 and

and T 135 and T 157 are equal then the location of TP

150 is in error and not that of TP 132.

In actual practice this process is

efgal T 135 and T 157. Similarly TP

132 is evaluated by neasuring T 124 and T 146.

provi de position information. The interval between the TPs currently being
T 146 are not equal,

eval uated and each TP within a specified nunber of transitions is conputed
ext ended beyond nearest nei ghbors and averaged for an appropriate specified
nunber of neighboring intervals to provide information on TP pl acenent

As an exanpl e of using the nearest nei ghbor conparison the |ocation of TP
29

noni nal position, the interval data from surrounding TPs are used to

150 is evaluated by nmeasuring the ingy
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SI NGLE' REVOLUTI ON TI' M NG PATTERN Timing- i nformation in the formof equally
spaced trigger patterns (which consist of one or nore witten nagnetic
transitions) at one radial position on a disk surface can be propagated 4
over the entire disk radius without incurring a growmh in the track to
track alignnment of the timng infonng)fgL This process is further
acconplished within a single revolution per servo track, thereby adding no
additional tinme to the process of servowiting the disk drive. The
i nportance of this advance is critical for cases where the self-generation
process occurs external to the disk drive and where additional rotations of
. the storage nedia directly inpact the nunber of servowiter systens

requi red. For exanple a timng pattern which required two revol utions of
the rotating storage nedi #and onepggdi ti ongg revol ution to nove the
recordi ng head to the nexZgervo t gk Iocﬂ%f g Wwoul d require 50% nore
servowiters than the netgj- < Q IS can represent a | arge
pwiterPps extXYl to the sKorage dgvice. The

capital cost, when the seW -
rocess of self-propagati g4 of a t ZNS g4rn i s describ ' he st eps
p propagati gifof a t / et brEi he step

bel ow and i s shown eu
: ST
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in Figure 12. In this exanmple Ais equal to one half the interval T. but in
general A can be any fraction of T. 1. A recording head is |ocated on servo
track location #0 and wites a series of even nunber trigger patterns A
correspondi ng to every other-sector on the disk surface, with a nom nal
interval size T. 2. The recording heag jjg servo-positioned to servo track

| ocation #1. 3. The recording head triggers on each of the N even nunbered
trigger patterns and wites an odd nunber trigger pattern at a tine A

foll ow ng each even nunbered trigg tern. During 30 this wite
sequence the tinme interval betmeen?;vg ;Q§ adj acent even nunbered trigger
A |

patterns
/
| N\
6 V-
Write
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48
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is measured and recorded in a conputer nenory as the values T(n), where n

runs from1l to N. 4. The intervals B(n),

intervals and the interval

are conputed fromthe stored tine
A given by [err] 5.The recording head is A

servo-positioned to the next servo track |ocation.

6. The recordi ng head

tri.ggers on each of the N odd nunber é/ k¥ i gger patterns and wites an even
nunber trigger pattern at a tine B(n) after each of the even nunbered

trigger pattern.

During this wite sequence the tine interval between every

two adj acent even nunbered trigger pattern is nmeasured and recorded in a

conput er menory
the stored tine
B(n-1)}+{1-F}*A
track | ocation.

as the values S(n). 7.The intervals C(n), are conputed from
intervals and the intervals B(n) given by C(n) = F*{S(n)-

8. The recording S vo-positioned to the next servo
9. The recording h!gad($PgSE$s on each of the N even

nunbered trigger patterns and wites an

' TP 68
Read |
Element Off-track
62 TP center
D2 Track Center
On-track 70
p TP center
TP 64
| i >
1
| i
TP 76
Read
Element
-D1’ D2’ Track Center
62 TP 72 TP 74




odd nunber trigger pattern at a tine C(n) after each of the even nunbered
trigger pattern. During this wite sequence the tine interval between every
two adj acent -even nunbered trigger patterns is nmeasured and recorded in a=%
conputer nenory as the values T(n). 10.The intervals. B(n), are conputed
fromthe stored tinme intervals and theg/iptervals C(n) given by B(n) =
F*{T(n)- C(n)} + {1-F}*A 31 11. Proceed to process step # 5 and repeat
steps #5-#10 until the entire disk surface is filled with clock
information. F is a nunber fromO to 1 which represent the weighting factor

used to correct track to track m salignpgeqt. Eor, exanple when F =1, the
track to track msalignnent error is ﬁ:ﬁé_ze , =Rut : '

A Radial Direction

‘quggf
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7 7
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index 80
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t he absolute interval will deviate fromthe nom nal value. Wen F =0 the
nom nal interval size is maintained but track to track errors will grow
unbounded. It is understood that in addition to the above process to renowe
random error growth, one nust neasure and correct for all systematic del ays
due to both electronic and geonetric gfﬁ cts as described earlier. In
addition the methods previously descri of "Inproved Al gorithmfor-
Interval Control"” can simlarly be applled to this process. The propagation
of servo patterns using this clock propagation process is shown in Figure
13. The recording head is set to read node and triggers on TP O which
begins gating a pattern generator to wite servo pattern #0} then the next
recording head in the stack is selected and a second servo pattern #1 is
written-on surface #1\;&\\9\$ms§9- to N surfaces. The nunbef Nis limted

e

by the tine required.to 2 §l t he head sw{ch tine. At the
end of the Nth surface EQe head -§§§9§§v§€\&,\g§$&§§§&k x:r 5 t éyrface #0O in

time to wite the next ggctor TP 1.
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-32 - CLAIM5 1. A nethod for determ ning separation between a read el enent
and a wite elenent of a head in a direct access storage device having a
rotating disk, with the head being positioned for interaction with the A
di sk, conprising the steps of: determining a first read to wite tine delay
with the head positioned at a first radyad of the disk; determning a
second read to wite tine delay with the head positioned at a second radi us.
of the disk: conputing the separation between the read el enent and the
wite el ement based on -

FIG.O
Measure Read/Write Delay= Drwo 100
Measure Read/Write Non-parallelism= Dso
Write Even Trigger Patterns on ST #0 102
. /
. Set Index Correction Ic= 0
>  Move Head fraction of track width 103
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1054 _ | Measure and Store Measure Time 105B
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v v
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a‘difference between said first delay and said second del ay, and speed of
rotation of the disk. 2. The nethod of claim1 wherein at |east one of
said steps of determining read to wite time delay conprises the steps of
witing a first trigger pattern with a wite elenment; witing a second
trigger pattern a nomnal tinme T aftqgéﬁﬁgggering on said first trigger
pattern; nmeasuring the tine interval tween said first and said second
trigger patterns; and conputing a difference between said interval. and the-
nomnal time T. 3. The nethod of claim1l wherein the delays are a function
of skew angl e between the head and the noving di sk, and skew angle is al so
used in said step of conmputing. 4. The nethod of claim 3B wherein said
separation is determ ned by using the relationship
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[err] * - 33 - where W = the separation [err] = "the rotational

vel ocity of the disk Rlerr] = the first radius Rerr] = the second

radius [err] = skewangle at the first radius [err] = skew angle at the

second radius 5. The nmethod of claim 1l further conprising the steps of:
12/15
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conputing delay times resulting fromskew for successive radial positions
of the head with respect to the disk as a function of said separation, . the
skew angl e, and the rotational speed of the disk, and using said del ay 4
.times to correct positioning of trigger patterns as a servo pattern is
witten on the disk. 6. The nethod of ey I'm 1 wherein said first radius is
the inner nost accessible track of the &'l sk and said second radius is the
outer nost accessible track of the disk. 7. . A nethod for determ ning a
value for systematic errors in the placenent of data on a rotating storage
medi um by a head having separate read and wite elenents, said errors being
due to geonetric msalignnment of said read el ement .and said wite el enent,
conprising the stSFS O} : FEISTERNYSa_] i r stctime—iwie [V abssedween—tHegey ™
patterns which are witten with the head | ocated at a given radial position
on said di sk,
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“'measuring a second tinme interval between a pair of trigger patterns the
first of which is witten with the head located at a first radial position
‘the second of which is witten with the head | ocated at a second radial
position, said first and second radial positions being separated by a

di stance sufficiently small to allow gyﬁsfirst and second -34- trigger
patterns to be read by the head placed at a single radial position and
sufficiently large to observe said systematic error. 8. The net hod of

claim7 wherein said neasuring steps are perforned with the head at a known
radius with respect to said disk and relative speed of said disk surface is
a product of rotational speed of said disk and said radius.
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and

usi ng the updated neasurenent of the systematic errors to correct position
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11. The net hod of

determ ning the systematic error

10. The method of claim7 in
at additional radial positions -of the head with respect to the disk to

"conbi nation with providing a servo pattern on the disk; and using the

measur enent of the systematic errors to correct position of trigger
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‘The nmethod of claim7 wherein said errors are due to non-parallelism
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determ ne updated systematic error values as a function of radius;

of said read elenent and said wite el enent.
claim 10 further conprising the steps of:

patterns used to wite said servo pat

9:



THI S .SHEET HAS BEEN REPLACED 35 8.. The net hod of cl ai m 7 WegpeADEmENT S §HEET
nmeasuring steps are perfornmed with the head at a known radi ys with, res ﬁcfg
' to said disk and relative speed of said disk surface is a pr D@d{étZ)fl? 97

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

- rotational speed of said disk and said radius. 9. - The netl ¥
wherein said errors are due to non-parallelismof said read el enent and
said wite elenent 10. The nethod of claim7 in conmbination with
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SyStEITBtIC errors to correc

Cross Ref Related Anplicati

The subject matter of this application is related to that of International Publication No.

WO 96/28814 for "A Method and System for Writing a Servo-Pattern on a Storage Medium",
the subject matter of which is incorporated herein by reference. It is also related to Siﬁgapore
Patent Application No. 9501807-3 corresponding to United States Patent Applications Serial
No. 08/349.,028 and 08/405,261 of filed on 2 December 1994, and 16 March 1995 respectively
and the subject matter of that Singapore patent application is also incorporated herein by

reference.

Field of the .
The invention relates generally to hard disk drive meinory 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 complex
mechanical and/or optical positioning system to. establish servopatterns on the recording

surfaces of the recording media.



used t'o wite said servo pattern on the dis ..TFUQSHEE?F'T@S%%@égPLﬁbgMﬁﬁOSHEET
further conprising the steps of: deterninin the RERK
addi tional radial positions of the head witthrrespect to the di %ﬁt 024 JAN1$H

det er ni ne updated systematic error values as®a function of ragius. —and
usi ng the updated neasurenent of the systematic errors to correct p05|t|on
of trigger patterns used to wite said servo pattern. on the disk. A

met hod for corregtin t. fopnd
tHaf) BEEPLD o &Q&M b telaD o fnd TR0 h sector
patterns on a rol%%?ug ad(rorﬁ(}‘%tﬁ’%lﬁ&ﬁ Sk drive c?orr(f)rlsmg tﬂ1 st eps
of: This Sheet Has o.Beam Hep I’#@G/ﬁdcas the%ﬁor in thc TP 42 location in sector #5 servo track #1 equals
’ the error from synchronizing off the TP 40 in sector #4 on servo track #0. Therefore, although
TP 26 and TP 42 are on adjacent tracks, their errors originate from two independent paths

Jlabeled Path2 and Path3 which will cause a track to track misalignment.

There exist several proposed techniques to replace the clock head with a self propagated clock
using only the disk drive head. Unfortunately, those proposed processes do not teach how to -
achieve the propagation without the uncontrolied growth of errors from track to track. The
growth of these errors has thus far prevented the commefcial application of all proposed
methods for self clock generation due to the precise requirements foF t_iming alignment in

modern disk drives.

Interﬂational Patent Application No. W094/11864 and IBM Technical Disclosure Bulletin, Vol.

33, No. 5 (October 1990) do not teach how to propagate a clock pattern without the growth of
errors. International Publication No. WO 96/28814, which is incorporated by reference, shows how
errors in the pattern propagation process can be detected and corrected to produce precise
magnetic pattern alignment from track to track. Errors written at each step are measured during
a subsequent revolution of the disk and are accounted for and corrected. For example in Figure
2 prior to writing TP 26, the interval between TP 24 and TP 42 is measured on an extra
revolution of the disk and stored as a time interval T45. The time interval T45 is used when
the head is positioned on servo track #3 and triggers on TP 24 to write TP 26 aligned 10 TP
42. The extra revolution of the disk breaks the causal chains denoted by Path 2 and Path 3,
effectively locking togctﬁer the normally independent random walk paths and preventing the

growth of track to track misalignment. This process as described in Unites States Patent

Sheet Has Been Reﬁaced
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writing a'first series of trigger pattefinsHIGiSHEETHASBEEN 5

position on a first track of said disk; recorBEﬁ§A$ﬁ% ti e intkﬁLﬁﬁEwFNTSHEET
a rotational index related to the rotatiofar orrentation of it dlg% JAN 1807
| east one trigger pattern on said first track; conputing anlliades™

correction value fromthe deviation of the tinme interval which mas recor ded
froma predetermned desired time interval; and using said index correction
value to shift location of each trigger pattern witten on a subsequent

K. “
R e L

of timing pattert8d rive, rising

the steps of: WpidcksstOwithid thES&lloS\ﬂfglm of trigger pat terns with the head on a
first track of sald di sk; recording a first time interval between a
rotational index related to the rotational orientation of the disk and at
| east one trigger pattern on said first track; '

. It is understood that in writing a trigger pattern a spec1ﬁcd time after a trigger one must account

 for the presence of electronic delays in the trigger and write circuitry as is taught in the BM
Technical _Disclpsuré Bullétin, Vol. 33, No. 5 (October 1990) There the read/write delay is
measured once and applied as a constant correction. The read/write delay can be determined
prior to beginning the propagation by locating the head against a stop and writing a set of even
numbered trigger patterns. The recording head triggers on each of the even numbered trigger
patterns and writes an odd number trigger pattern at an Initial delay setting D after each even
numbered trigger pattern. On another revolution of the disk, the the time interval between each
even numbered trigger pattern and fts following odd numbered trigger pattem is measured and
recorded. The average of these recorded values minus the initial delay setting D is the
read/write deiay correction that must be subtracted from all computed delay settings in order

to properly compensate for the &lectronics delay.

However, WO 96/28814 and the IBM Technical Disclosure Bulletin,
Vol. 33, No. 5 (October 1990) did not teach how to achieve optimum track to track trigger

pattern alignment in the presence of systernatic errors (constant for every sector) but which vary
as a function of radial position in the propagation process. In particular Patent Application Serial

No. 08/028,044 does not teach:

1) How to eliminate a varying systematic error when the recording head has spatially separate
read and write elements such as the case for magnetoresistive heads. This results in a read to

write time delay which is radially dependent.

eet Has Been Reraced
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writing afsécond&series of trigger patterns wth the head o} REBLAGRMENT SHEET
of said disk; recording a second tinme interval between a rot1j(nm24jgﬂﬁﬁgﬂ'
related to the rotational orientation of the disk and at | eastDatenet-ri-gger " "

pattern on-said second track; TH S SHEET HAS BEEN 37 conptErng anm | ndex
correction, value fromthe difference betweéd said first and second recor ded
time intervals; and using said index correction value to shift |ocation of
each trigger pattern witten on a subsequent track. 14. A process for

sel f servowiti ng How ©tdhova theaglngisystematk ator did v@ readeletmelitagd @riteedethent which
posi ti oned E -
B are non-parallel resulting in an error in the measurement of the time interval.

3) How to eliminate servo pattern rotation due to systematic errors by using a once per

revolution clock index derived form the motor drive cumrent waveform or any other sensor.

In addition the WO 96/28814 does not teach:

1) How to minimize the effect of velocity jitter without decreasing the interval size.
2) How to improve the control of intervals by using a new method designed for this purpose.
3) How to achieve track to track aﬁgnmcnt without incurring an additional revolution of the

disk.



for i.nteraction with the disk, conprising. the steps of - wwiH'ﬁﬁfHﬁcﬁﬂﬁﬂfrﬁﬂﬁET
of trigger patterns on a flrst track; determ;ning a read to witedt) mﬂN1mﬂ
del ay; determ-ning an index correction val'ue; determ ning aJ Y R L R

random error correction value; conputing a set of delay val GeS which are T
function of said read to wite tine delay,l&aid index correction value and
said at | east one randomerror correction value. triggering fromsaid first
set of trigger patterns and WW|t|ng a second set df trigger patterns on a
subsequent tr acPetailédPeseripiic Drefom¢d Embodipents A process for self
servowiting a rotating disk in a disk drive including a head positioned

for interaction with the disk, conprising the-steps of: This Sheet Has Been

Re | aced SELF-SERVOWRITER OVERVIEW

A system overview of the self servowrite apparatus is shown in Figure 3. The system is
comprised of electronic blocks including a radial propagation controller 2, a timing propagation
controller 4 and a pattern generator 6. The system interfaces to the disk storage device & via
the read/write transducer 10 and the actuator 12 which controls the position of the read/write
transducer. Using only an electronic interface the self-servowrite apparatus can pattern the disk

with servo information.

A commonly used servo architecture known as “"embedded servo™ in which servo pattern
information is present on all disk surfaces is fypically used in disk drives. The dual revolution
clock propagation process described herein and in WO 96/28814 is

used to gate the servo pattern generator 6 to write servo patterns onto all surfaces. The ability
to accomplish this with a minin'ilum of revolutions is important in the case when the servowriter
is external to the disk drive which is contemplated to be the preferred commercial

implementation of this invention.

In Figure 4 there is shown a process by which the trigger patterns are used to write servo
patterns on a first surface using a first rccording head and other surfaces by switching to other
recording heads on other recording surfaces. The recording head is set to read mode and
triggers on TP#1 which begins gating a pattern generator to write servo pattern SP#0, then the
next recording head in the stack of a multiplatter disk drive is seiected and a second servo
pattern SP#1 is written on surface #1 and repeated to N surfaces. The number N is limited by

the time required to write each surface and switch the heads. At the end of the Nth surface the




38 deternining asread to wite tine delay witing a first sellt REPLACEMENT SHEET
patterns on said first track; determ ning an irndex corr'-ecti(}fn val 4 rmni@g?
the head a fraction of a track width; witing a second set olf Deheir;ger ................
patterns. measuring first tinmes between each first trigger pattermanta———
foll owi ng .second trigger pattern and nmeasuring second tinmes between each
second trigger pattern.and a foll ow ng 0 st tri gger pattern; calculating

an updated read to wite tine delay based on said first times; utilizing

sai d second ti NMBSMéurélRinesithe\@roR atkine oA trio@rknbwio radia whiclara aded it tempugl the | e t 0

correction term at each propagation step.
2) In-process correction of the error by internal measurements during the propagation process

3) Measurements of the error in the disk file, by external means, which are used to correct all

disk drives of similar design.

RADIAL DEPENDENT TIME DELAY FOR INDEPENDENT READIWRITE SENSORS

The dual revolution timing pattern process described in WO 96/28814 must be

modified when the recording transducer has write and read elements which

are separate as shown in Figure 5. In this case a time delay or advance (relative to the case
where the write and read elements are not separate) is required to write a second trigger pattern
a specified physical distance after a readback triggcr pattern. This time delay is a function of
the disk linear velocity given by —‘;‘,—’- where W is the separation between the read element 46
and the write gap 48 and V is the disk linear velocity. Further, in.the case where the head is
skewed relative to the track as for example would occur on a rotary actuator the “apparent” _
separation W of the read and write transducers as projected along the recorded track is modified
by the cosine of the skew angle of the recording head and will also vary as a function of radius.

The time delay due to the separation effect is given by

w

DELA ySepura‘tian = W

where © is the skew angle of the recording head, Q is the disk rotation speed and R is the radius

of the track.
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conput e random error ,correction delay val ues; updating the H
val ue; conputing a set of delay values.to wite trigger patt
subsequent track as a function of the updated read to wite
i ndex corr-ection value and the random error carrection val ue
growt h of random and systematic errors in placenent of said trigger

patterns is elim nated. TH S SHEET HAS BEEN REPLACED 39 16. The et hod

of claim 15 whervBIOGIYERRGR CORRECEION ning read to wite tine del ay

A IO I T o e Y

Variations in the disk rotation speed will cause errors in the propagation process déscribed
above. In the Patent Application Serial No. 08/028,044 it was taught that the magnitude of this
error is proportional to the interval spacing. Therefore this error can be minimized by reducing
the interval size which comesponds to the time between any two consecutive odd (or any two
consecutive even) trigger patterns until this term is negligible. In certain cases the reduction

of the interval to reduce this error to a negligible level may not be practical.

In those cases where intervals can not be reduced we disclose a new method in which the
velocity of the disk is measured "on the fly". Errors in the written TP location will occur when
the velocity of the disk is different during the read and the write step .as in the dual revolution
timing pattern propagation of WO 96/28814. In this process the
nominal interval length comresponding to the average of the interval times (either or both
readback and write interval times) for one co‘mplete rotation is used to estimate the disk average
or nominal velocity. As shown in Figure 10, by measuring the time interval between the TPs
during the write process, an estimate of the local disk velocity can be obtained by comparing
this interval with the nominal interval at the nominal velocity. As the rate of change of velocity
is iimited by the disk inertia, a set of interval measurements immediately preceding the TP to

. be written may be averaged to estimate the current disk velocity. For example when the head
is centered on servo wack #1, intervals T 114 and T 116 can be measured to estimate the local .

disk velocity prior to writing TP 118.



conpri se€s“the steps-of: witing a first trigger pattern Mﬁth?aggﬁiA@tMENTSHEET
element; witing a second trigger pattern a nomnal time T afiter trjgg |Q§b
‘on said first .trigger pattern; neasuring the tinme interval bttm&ga?@ﬁj _____ f{m"7_
first and sai'd second trigger patterns; and conputing a diff —
said interval and the nomnal tine T. 17. # nmet hod of neasuring the disk
velocity at a given tinme conprising the steps of neasuring tinme intervals

bet ween successive trigger patterns just prior to said given tineg;

conputing i nst apkeAODEORI IMPROVES INVERASeCONTRERl d tine intervals; and
witing a next trigger pattern after said given tine at a delay tine
corrected for deviation of said instantaneous disk velocity from average

di sk velocity. 18. A nmet hod for determ ning which trigger pattern of a

first trigger patpRYibusH dkeI6RM thethddiof BN 96/28814 employs interval

. measurements during the trigger pattern propagation.. When an error occurs in an interval it is

unknown which of the two TPs defining the interval is emroneously positioncd. As a result,
when the method propagates with correction values of F (F is defined below) less than 1, the
TP location errors propagate (in a decaying fashion) to neighboring locations. A demonstration
of this is diagrammed in the top half of Figure 11, On servo track #1 TP 150 is erroneously
shifted with respect to TP 132 resulting in an interval measurement T 145 less than the nomir_lénl.
On the next step of the process the head is positioned or servo track #2 and TP 134 is written
with an error to correct for the short interval T 145.. Subsequent writing of servo tracks #3 and

#4 shows that the error propagates in a decaying fashion.

In the method for improved interval control information about the position of a particular TP
is extracted. Rather than specifying a particular interval from the previous TP as the desired
nominal position, the interval data from surrounding TPs are used to provide position
information. The interval between the TPs currently being evaluated and each TP within a

specified number of transitions is computed.

As an {example of using the nearest neighbor comparison the location of TP 150 is evaluated
by measuring the interval T 135 and T 157. Similarly TP 132 is evaluated by measuring T 124
and T 146. In the case where T 124 and T 146 are not equal, and T 135 and T 157 are equal
then the location of TP 150 is in error and not that of TP 132. In actual practice this process
is extended beyond nearest neighbors and averaged for an appropriate specified number of

neighboring intervals to provide information on TP placement.
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patte.rn in a series of trlgger pat‘terns' t hat define successnéfTR

intervals is msplaced, conprising the steps of: TH' S SHE Fﬁé‘\%@ERNTSHEET
REPLACED 40 deternining first tinme intervals between said fiifs ﬂé(iZ_@@GMAY 1997

pattern and at | east one other trigger pattern determning s 1 G I 1 SRR TR

I nterval s between said second trigyer pattern d and at | east one ot her
trigger pattern conparing the first and second time intervals to determ ne

whi ch #Qf lussath% l-frclmr! %he '?’9(12%.? %(.ctor #3 on servo track #1 and that from the TP 20 on
sector #2 on servo track #0 whereas the error in the TP 42 location in sector #5 servo
track #1 equals the error from qynchromzmg off the TP 40 in sector #4 on servo track
#0. Therefore, although TP 26 and TP 42 are on adjacent tracks, their errors originate
from two independent paths labelled Path2 and Path3 which will cause a track to track
misalignment, - '

There exists several proposed techniques to replace the clock head with a self
propagated clock using only the disk drive head. Unfortunately, those proposed
processes do not teach how to achieve the propagation without the uncontrolled growth
of errors from track to track. The growth of these errors has thus far prevented the
commercial application of all proposed methods for seif clock géncration due to the
precise requirements for timing alignment in modern disk drives.

International Patent Application No. W094/11864 and IBM Technical Disclosure
Bulletin, Vol. 33, No. 5§ (October 1990) do no£ teach how to propagate a clock pattern
without the growth of errors. International Publication No. WO 96/28814, which is
incorporated by reference, shows how errors in the pattern propggation process can be
detected and corrected to produce precise magnetic pattern alignment from track to track.
Errors written at each step :are measured during a subsequent revolution of the disk and
are accounted for and“com-:cted. For example in Figuré 2 prior to writing TP 26, the
interval between TP 24 and TP 42 is measured on an extra revolution of the disk and
stored as a time interval T45. The time interval T45 is used when the head is positioned
on servo track #3 and trigzers on TP 24 to write TP 26 aligned to TP 42. The extra -
revolution of the disk breales the casual chains denoted by Path 2 and Path 3, effectively
locking together the normally independent random walk paths and preventing the growth
of track 10 track misalippment. This process as described in International Patent
Application No. WO 96/28814 will be referred to as the "dual revolution clock
propagation process” within the following text. |




trigger patterns is m splaced. 19.¢ Afnethod for generating i -
patterns for self servowiting of a rotating disk in a disk dfiREPLACEMENT SHEET
conprising the steps of: witing a first set of trigger pattefjns onZa(]MN{sigg-l
track of said disk: during a single revolution of said disk, pIRE®pgar e

second set of trigger patterns onit@ second track of said di sk—and
determ ning randomerrors in |location of said second trigger patterns
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| nt er ag! fedfwhitd ldefay Cis Anédsurcd RS 1284 NHpHcHC a6 WCEMstR: correction, The

read/write delay can be determined prior to beginning the propagation by locating the

head against a stop and writing a set of even numbered trigger patterns. The recording
head triggers on each of the cven nu;nbered trigger patterns and writes an odd number -
trigger pattern at an initial delay setting D after each even numbered trigger pattern. On
another revolution of the disk, the the time intervat between each even numbered trigger
pattern and its following odd humbéred triggér pattern is measured and recorded. The
average of these recorded values minus the initial delay setting D is the read/write delay
correction that must be subtracied from all computed delay settings in order to properly
compensate for the electronics delay.

However, WO 96/28814 and the IBM Technical Disclosure Bulletin, Vol. 33, No.
5 (October 1990) did not teach how to.achieve optimum track to track trigger pattern
alignment in the presence of systematic en;ors {constant for every sector) but which vary
as a fonction of radial .po_sition in the propagation process. In particular Patent
Application No. WO 96/28514 does not teach:

1) How to eliminate a varying systematic error when the recording head has s_paﬁally
separate read and write elcments such as' the case for magnetoresistive heads. This

results in a read to write time delay which js radially dependent.




41 a. witing a first track including N first trigger patterny spocasEMENTSHEET
said track; b. novi ng the head by a di stance correspondi ng tolia fractl?/m 0{997
the head width to a first servo track; c. detecting each of s |gatf3| \
frigger patterns and witing a correspondl ng second trigger p
second servo track at a time intefval A after detection of each of said
first trigger patterns, while neasuring first tinme intervals T(n) between
every two adj acent fi SUMMARYOF PHEINVENTION conputing a first set of
times B(n) which are a function of the first intervals T(n) and A

In accordance with tho invention there is provided, a method for determining

separation between a read clement and a write element of a head in a direct access
storage device having a rotating disk, The method comprises the steps of determining a
first read to write time delay with the head positioned at a first radius of the disk;
determining a second read to write time delay with the head positioned at a second radius
of the disk and computing thc separation between the read element and the write element
based on a difference betwcen said first delay and said second delay, and speed of




€. nmoving the head by a di st ances corresponding to a fraction [pREPRACEMENT SHEET
of said head to a second servo track; f. witing a correspondjing tHhi chmqug?
of trigger patterns at tines B(n). after detection of said sec mditet %ge{

patterns, and neasuring tinme intervals S(n) between every two et
second trigger patterns; g. conpuBing tines C(n) which are a function of

the intervals S(n), said first times B(n), and A, h. noving the head by a
fraction of its wdth_t

hi r.d K
cor r eetionie @efd(‘f&r tﬁe@éﬁ’lgfét‘%b‘@’gﬁ’%\é&ﬁs a“figf gqterglérﬁ# { |a&rr,rraté n) af ter

time delay comprises the stepss of writing a first trlgger pattern with a write clement;

writing a second mgger patiern a nominal time T after trigging on said first trigger
pattern; measuring the time interval between said first and said second trigger patterns;
and computing a difference botween said jnterval and the nominal time T. In a preferred
embodiment, the delays are » function of skew angle between the head and the moving




detection of each of said third trigger patterns, and measuri fjERASTRMENTHBHEET
intervals T(n) between every two adjacent third trigger pattefjns; ] 0 [ﬂ\\( 1997
conputing a second set of tinmes B(n) which are a function of kl%at%ge-on ----- reenneeennes
intervals T(n), said times C(n), .and A; k. for witing subsequenmt—sServo
tracks on said disk, repeating eath. of steps e through j until a desired
portion of the disk is covered with servo tracks. 21. A net hod for
renovi ng

a systematic errorF‘x:/rJi ch,varies radially, durin afsel servo
wr i t i digK.onnds Skews Rngle jis, alsp p g“éa‘ﬂéfeﬁt?fn@qﬂ“m-cotﬁpﬂ"gwgd’rﬁ teps of: a.
i ng,.th t t . . ity t ' di al
o R0, U R R, Pl M e Y, Lo g e a2l
writt en ﬂ[g ﬁg@%ﬁm‘:&%{é tad3f ti&ﬁgﬁ@ﬁﬂ&d Wil fRkpEci®dné BiskheP @. SO as

to ca : atic error, ere € servo pattern rotate_sAwith
res pestfmicao% I0F a4l %{?akdii_oﬂ._. fg Skéw? dnglBAAr the AtationalTspeed 6 the diistef and ai m 21
wherern randomerrors in the placenent of servo patterns are .

using said delay times to correct positioning of trigger patterns as a servo pattern 18

written on the disk.




al so corrected. 23. A di sk drive conprising: a rotating di 4k pEREACEMENT SHEET
43 a head radially positioned by an actuator, and a self seryp Qéb \ 1997
timng pattern witten on said disk; said pattern being vvrittena@ hg{'\‘

systematic errors are elimnated; whereby the servo pattern r
mat ches the trajectory traced out 1By the head in its radial rmtlon across
the di sk. 24. The di sk drive of claim23 wherein said servo pattern is

al so wri U iho3RahddWith BRI aspect of the invention there is provided a method for
determining a value for systcmatic errors in the placement of data on a rotating storage
medium by a head having scparate rcad‘ and write elements, said errors being due to
geometric misalignment of said read element and said write element, comprising the

steps of: -




'[_

- . errors in the track to track ali gnnent of the servo pafjt BERSAGEMENT SHEET
statistically constant in their root nean square val ue acros$ at Lf?SMA? 1997
desired portion of the disk surface. 25. The di sk drive of [|cPalem-23...00...0550.....
wherein said servo pattern is also witten so that random error: =
track to track alignnment of the seWvo patterns are corrected in a nmanner

that leads to a growmh of errors that is |ess than the square root of the
track nur’rtaﬁ,ﬁs e N Lk process. .26. In.a di.sk drive having

a head wit s‘{é.p raaﬁlleSt ﬁ@g@lféﬁﬁ%\%ﬁ% “é$%ﬁw =Lns %‘Bﬁh“’ﬁe‘&’& SFig e oy

i nt er aphd Ratdll hia SivePiadial PekittnDi thod for determ ning radial position

of the head w t{?gespect ?%“S’rq?ﬁc??@l?ﬁbonpri sing the steps of: ascertaining

a rel ati ongdautinged WROA ik Mlervi® Deiweed aQfairt Sreyrighek Sherd g € bet ween

t he head and tﬂ% direction of notion of the dtlrgg r% a{tqllsve to the head,

ascer twhicti isgwtitien withahe héadriotutddve enfiist fadfab pesitidneiie Becond bf Whichsi t e el enent ;

written with the head locatcd at a second radial position, said first and second radial

O
pJ

=

positions being separated by a distance sufficiently small to allow both first and second
trigger patterns to be read by the head placed at a single radial position and sufficicntly‘

large to observe said systematic error.




determ.ning a second read to wite delay with the head at an {junknown

44 deternmining a first read to wite delay with the head at REPEACEMEanHEEW

radi us; conputing the unknown radius fromsaid first read to|wlitee: lMaA.,‘

said second read to wite delay, said relationship and said
bet ween said el enents.
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LAIMS

1. A method for detcrmining separation between a read element and a write element
of a head in a direct access storage device having a rotating disk, with the head being
positioned for interaction with the disk, comprising the steps of:
determining a first read to write time delay with the head positioned at a first
radius of the disk; |
determining a second read to write time delay with the head positioned at a second
radius of the disk;
computing the separation between the read element and the write element based op
a difference between said first delay and said second delay, and speed of rotation of the
disk. N
2. The method of claim 1 wherein at least one of said steps of determining read to
write time delay comprises the steps of:
writing a first trigger pattern with a write element;
writing a second frigger pattern a nominal time T after triggering on said first
trigger pattern;
measuring the time interval between said first and said second trigger patterns; and
computing a difference between said interval and the nominal time T.
3. The method of claim 1 wherein .thc delays are a function of skew angle between the
head and the moving disk, and skew angle is also used in said step of compuring.
4, The method of claim 3 wherein said .separation js determined by using the
relationship

1

| cos(®,)R, ~ cos(®,)R, |

L LT
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where
W = the separation
Q = the rotational velocity of the disk

Ry = the first radivs
R; = the second radjus
©; = skew angle at the first radius

®; = skew angle at the second radius

5. ‘The method of claim 1 further comprising the steps of:
computing delay times resulting from skew for successive radial positions of the

head with respect to the disk as a function of said separation, the skew angle, and the
rotational speed of the disk, and |

 using said delay times 1o correct positioning of trigger patterns as a servo pattern is
written on the disk. | |
6. The method of claim ! wherein said first radivs is the inmer most accessible track
of the disk and said second radius is the outer most accessible track of the disk.

7. A method for determining a value for systématic errors in the placement of data on -

a rotating storage medium by a head having separate read and write elements, said errors
being due to geometric misalignment of said read element and said write element,
comprising the steps of: ' ‘

measuring a first time interval between trigger patterns which are written with the
head located at a given radial position on said disk,

measuring a second tiine interval bctﬁeen a pair of trigger paiterns the first of
which is written with the Load located at a first radial position the second of which is
written with the head localed at a sccond radial position, said first and second radial
positions being separated by a distance sufficlently small to allow both first and second

S S S e Ty T
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trigger patterns to be read by the head placed ar a single radial position and sufficiently
large to observe said systematic erTor. '
8. The method of claim 7 wherein said measuring steps are performed with the head
at a known radins with respcct to said disk and relative speed of said disk surface is a
product of rotational speed of said disk and said radius.
9. The method of claim 7 wherein said errors are due to non-parallelism of said read
element and said write elemest. | o
10. The method of claim 7 in combination with
providing a servo pattesn op the disk; and
using the measurement of the systematic &rors to correct position of trigger
patterns used to write said sevvo pattern on the disk.
-11.  The method of claim 10 further comprising the steps of: |
determining the systeniatic error at additional radial pos.itions of the head with
respect to the disk to detérn'xiue updated systematic error vahues as a function of radius;
o .
using the updated meusurement of the systematic erfors fo correct position of

trigger pattern used to write said servo pattern on the disk. |
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