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METI-IOD AND APPARATUS FOR REDUCING TRACK
MISREGISTRATION FROM SERVO TRACK WRITING

Related Application
This application claims the benefit under 35 U.S.C. 119(e) of

U.S. Provisional Application Serial Number 60/115,970, filed January 15, 1999.

Field of the Invention
The present invention relates to the field of mass storage devices.
More particularly, this invention relates to an improved apparatus and method

for writing servo information to the disc of a high density disc drive.

Background of the Invention
One key component of any computer system is a device to store

data. Computer systems have many different places where data can be stored.
One common place for storing massive amounts of data in a computer system is
on a disc drive. The-most basic parts of a disc drive are a disc drive housing, a
disc that is rotated, an actuator assembly that moves a transducer to various
locations over the disc, and electrical circuitry that is used to write and read data
to and from the disc. The disc drive also includes circuitry for encoding data so
that it can be successfully retrieved and written to the disc surface. A
microprocessor controls most of the operations of the disc drive as well as
passing the data back to the requesting computer and taking data from a
requesting computer for storing to the disc.

To read and write data to the disc drive, the actuator assembly
includes one or more arms that support the transducer over the disc surface. The
actuator assembly is selectively positioned by a voice coil motor which pivots

the actuator assembly about a pivot shaft secured to the drive housing. The disc

is coupled to a motorized spindle which is also secured to the housing. During

operation, the spindle provides rotational power to the disc. By controlling the
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~disc. The slider is passed over the disc in a transducing relationship with the

- bearing surface produces a negative pressure area. The negative pressure or

Tubrication film. This film eliminates the friction and fesulting wear that would -

voice coil motor, the actuator arms (and thus the transducers) can be positioned -
over any radial il'oc'at"ion along the rotating disc surface.
The transduceris typically placed on a small ceramic block, also

referredto as a slider, that is acrodynamically designed so that it flies over the

disc. Most sliders have an air-bearing surface (AABS@) which includes rails and
a cavity between the rails. When the disc rotates, air is dragged between the
rails and the disc surface causing pressure which forces the head away from the:

disc. At the same time, the air rushing past the cavity or depression in the air

suction counteracts the pressure produced at the rails. The slider is also attached
to a load spring which produces a force on the slider directed toward the disc

surface. The various forces equalize so the slider flies over the surface of the

disc at a particular desired fly height. The fly height is the distance between the
disc surface and the transducing head, which is typically the thickness of the air

occur if the transducing head and disc were in mechanical contact during disc - -

rotation. In some disc drives, the slider passes through a layer of lubricant rather

- than ﬂying over the surface of the disc.

Information representative of data is storéd on the surface of the
storage disc. Disc drive systems read and write information stored on portions
of the storage disc referred to as tracks. Transducers, in the form of read/write
heads attached to the sliders, located on both sides of the storage disc, read and
write information on the storage discs when the transducers are accurately
positioned over one of the designated tracks on the surface of the storage disc.
As the storage disc spins and the read/write head is accurately positioned above

a target track, the read/write head can store data onto the track by writing

-information representative of data onto the storage disc.- Similarly, reading data

on a storage disc is accomplished by positioning the read/write head above a

target track and reading the stored material on the storage disc. To writetoor

read from different tracks, the read/write head is moved radially across the
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tracks to a selected target track. The data is often divided between several
different tracks. While most storage discs utilize a multiplicity of concentric
circular tracks, other discs have a continuous spiral forming a single track on
one or both sides of the disc.

5 During manufacturing, servo information is encoded on the disc
and subsequently used to accurately locate the transducer. The written servo
information is used subsequently to locate the actuator assembly/transducer head
at the required position on the disc surface and hold it very accurately in position
during a read or write operation. The servo information is written or encoded

10 onto the disc with a machine commonly referred to as a servo track writer
(hereinafter STW). At the time the servo information is written, the disc drive is
typically at the Ahead disk assembly@ (hereinafter HDA) stage. The HDA
includes most of the mechanical drive components but does not typically include
all the drive electronics. During the track writing process, the STW precisely

15 locates the transducer heads relative to the disc surface and writes the servo
information thereon. Accurate location of the transducer heads is necessary to

. ensure that the track definition remains concentric. If the servo track
information is written eccentrically, the position of the transducer head during
--subsequent operation will require relatively large, constant radial adjustments in
20  order to maintain placement over the track center. When the tracks are
sufficiently eccentric, a signiﬁcant portion of the disk surface must be allotted
~ for track misregistration.
The offset between the actual head position and the track center
is called the track misregistration. Track misregistration has two aspects,

25  referred to as write-to-write track misregistration and write-to-read track
misregistration. The write-to-write track misregistration is the misregistration
between a recorded track and an adjacent track, which can result in track-to-
track squeeze. The write-to-read track misregistration is the misregistration
between the centerline of recorded track and the actual read head position. The

30  misregistration is induced during servo track writing where any relative

movement between the head and media in the radial direction will result in
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- imperfect tracks written. The imperfect tracks written can cause adjacent tracks

to position themselves closer than intended at certain locations on the media
which gives rise to track squeeze. Also, such relative motion of the head to
media is not synchronous to the rotation of the disc, i.e., spindle. “Thus, the
relative radial position of the head at the start of a track write will shift by the
time it reaches the end of the track write. This leads to a discontinuity in the-
radial direction of the servo track. The squeeze and discontinuity contributes to
what is known as written-in repeatable runout (STWRRO) in the servo track.

| In order to ensure proper writing of servo information, STWs
utilize an external, closed loop positioning system that precisely positions the -
transducer head during servo track writing. The positioning system ¢omprises a
contact member that engages the actuator assembly, a position indicator which -
indicates the position of the contact member, and a displacing mechanism which
repositions the contact member based on feedback from the position indicator.
To ensure accurate positioning, various position indicators are used (e.g,
mecﬁéhical, capacitive, and optical transdhcers to name a few). The STW
further includes the required circuitry for writing the servo information to the
disc surface via the transducer heads.

While it is advantageous to maintain substantial concentricity
during the servo track writing process, many factors adversely impact the
STW-=s ability to write servo information concentrically. As mentioned
previously, servo track written repeatable runout occurs when relative motion
occurs between the servo writing head and the media. One major contributor to
the relative motion between the head and media is from the vibration of the
spindle which is also known as the non-repeatable runout (NRRO). The NRRO
is non-synchronous to the spindle rotation but is periodic. The major contributor
to the NRRO is the cage rotation or ball train; thus, a periodic waveform is

found. This wave will not be synchronized to the spindle but nevertheless

‘repeats itself at intervals longer than one spindle rotation. In short, vibrations in

the spindle or actuator components due to imperfect bearings is one major factor

in producing non-repeatable track writing errors.
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As aresult of servo written non-repeatable runout, the overall
track density achievable is reduced since there must be a Abudget@ for track
misregistration. As a result, a track misregistration budget must be used to
account for track misregistration or allow track squeeze to occur. Many factors
contribute to the track misregistration problem, but it will be appreciated that
reducing servo track written repeatable runout will allow the reduce the overall
track misregistration budget and allow for an increase in overall track density
and an increase in disc drive capacity.

As demand for higher capacity drives grows, manufacturers are
constantly secking to increase drive capacity by increasing track density. That
is, by increasing the density or Atracks per inch@ (TPI), a greater number of

discreet tracks can be encoded on a given disc surface. However, higher track

density requires more efficient use of the disc surface. Accordingly, track

misregistration due to eccentricities in track formation must be minimized in
order to maximize TPI (and thus disc capacity).

_ Accordingly, what is needed is an apparatus and method for use
with an STW that minimizes relative motion between the head of the servo
writer and the disc. This will, in turn, reduce the servo track written repeatable
runout and track squeeze which will in turn reduce the overall track
misregistration (TMR) budget so that tracks may be more closely spaced. In

particular, what is needed is a way to reduce non-repeatable run out caused by

‘motion between the head and a given disk surface. What is also needed is a

method and apparatus which can reduce non-repeatable run out using current

manufacturing methods.

Summary of the Invention
The present invention is directed to reducing these problems,

especially the non-repeatable track writing errors due to imperfect bearings. A
servo track writer for writing servo information to a head disc assembly includes
a mounting fixture for mounting a head disc assembly. The head disc assembly

includes a disc attached to a base with a spindle bearing, and a rotary actuator
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adjacent the disc: The actuator includes a read/write head for selectively
magnetizing the disc. Thé mounting fixture provides a mechanical reference for
the servo track writer as servo information is written to the head disc assembly.
The servo track writer also includes a pusher block assembly mounted to the
mounting fixture proximate the actuator of the head disc assembly. The pusher
block assembly mechanically positions the actuator. The servo track writer also
includes a position control éystem' for controlling the position of the actuator.
The position control system further includes a motor connected to the pusher
block assembly, -and a controller for outputting control signals to the motor in
order to adjust the position of the actuator with respect to the disc. The

controller synchronizes the motion of the actuator to a cage frequency of the

- spindle bearing.

The position control system may further have a sensor for monitoring the cage
frequency of the spindle bearing of the head disc assembly.

The controller selects the time to start servo writing in responsé
to the cage frequency of the spindle bearing. The position control system of the
servo track writer may also include a detector for determining the position of the -
actuator and outputting control signals to the motor in order to adjust the

position of the actuator in response to the detected position of the actuator and a

‘desired position of the actuator.

~ The controller for outputting control signals to the motor may
synchronize to the spindle rotation frequency in addition to the spindle bearing
cage frequency. The servo track writer may also have a sensor for monitoring
the cage frequency of the spindle bearing of the head disc assembly. The servo
track writer which synchs to both the spindle rotation frequency and the spindle
bearing cage frequency may also have a sensor for monitoring the cage
frequency of the spindle bearing of the head disc assembly. The controlier
selects the time to start servo writing in response to the cage frequency of the
spindle bearing. The servo track writer further includes a detector for

determining the position of the actuator and outputting control signals to the
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motor in order to adjust the position of the actuator in response to the detected
position of the actuator and a desired position of the actuator.

| Also disclosed is a method for writing servo patterns to a disc
drive which includes at least one disc mounted on a spindle with a spindle
bearing, the at least one disc mounted for rotation about an axis. The disc drive
also includes an actuator for moving each of at least one transducer relative to an
associated at least one disc. The transducer reads and writes information to the
associated disc. The servo writer includes a linkage for controllably moving the
actuator during servo writing. The method for writing servo patterns includes
collecting spindle run out data, determining a spindle bearing cage frequency
from the collected data, and moving the linkage of the servo writer to
synchronize movement of the actuator to the spindle bearing cage frequency.

Determining a spindle bearing cage frequency further includes calculating the

spindle bearing cage frequency. The linkage of the s'ervo writer is moved to

synchronize movement of the actuator to the spindle bearing cage frequency.
This includes generating run out at the spindle bearing cage frequency, and
calculating the phase of the spindle bearing cage frequency. The movement of
the linkage of the servo writer may also include timing the initial movement of
the linkage of the servo writer to start the servo write process based on the phase
of the spindle bearing cage frequency. The timing is based on measuring the
phase at the spindle cage frequency or upon predicting the phase at the spindle
cage frequency. The timing of the initial movement of the linkage of the servo
writer to start the servo write process based on the phase of the spindle bearing
cage is selected when the spindle bearing cage frequency is at the minimum.
The method for writing servo patterns to a disc drive may further
include the step of determining a spindle frequency, and using the spindle
frequency in addition to the bearing cage frequency to synchronize movement of
the actuator the spindle bearing cage frequency and to synchronize movement to
the spindle frequency. Determining a spindle bearing cage frequency from the

collected data further includes calculating the spindle bearing cage frequency.
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- Advantageously, the method and apparatus of the present

invention produces disc drives with higher storage capacity than those drives

* - produced by other servo writing-methods/apparatuses._ In particular, the instant

invention permits precise, concentric Wrifing of servo information to the disc.
This reduces the servo track written repeatable run out and reduces the overall
TMR budget so that tracks may be more closely spaced. Allowing tracks to be
more closely spaced allows for the higher storage capacity of the disc drive.
Advantageously, the method and apparatus reduce non-repeatable run out using

current manufacturing apparatus and methods.

R} Brief Description of the Drawings

FIG. 1 is an exploded view of a disc drive with a multiple disc stack.

FIG. 2 is a schematic representation of a servo track writer used to write

the servo information to the discs of the head disc assembly of

FIG. 1.

"FIG.3 . isaschematic view of the personal computer used as part of the

servo track writer.

FIG. 4 is'a top view of a head disc assembly positioned within a servo
track writer.
FIG.5 is a chart illustrating the track-to-track squeeze due to the cage
- frequency component.
FIG. 6 ~ is a graph which illustrates the spectra of the servo track writer
repeatable run out. '
FIG. 7 is a graph illustrating how the various spectra translates into

repeatable run out and how the run out varies as a result of phase.
FIG. 8 is a graph illustrating the track-to-track squeeze and discontinuity
due to the cage frequency component when only the spindle
-frequency is synchronized to the-servo writer.
FIG. 9 is a flow diagram of the procedure for synchronizing the servo

track write to the cage frequency of the spindle bearing.
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FIG. 10 is a diagram showing the cage frequency and the spindle cycle
and various times associated with deriving 6s. -

FIG. 11 is a graph illustrating the track-to-track squeeze due to the cage
frequency component when only the cage frequency is

_ synchronized to the servo writer.

FIG.12 = is agraphillustrating the track-to-track squeeze due to the cage
frequency component when both the cage frequency and the
spindle frequency are synchronized to the servo writer. -

FIG. 13 is a flow diagram of the procedure for synchronizing the servo
write to both the cage frequency and the spindle frequency.

Description of the Preferred Embodiment
In the following detailed description of the preferred

embodiments, reference is made to the accompanying drawings which form a
part hereof, and in which are shown by Way of illustration specific embodiments
in which the invention may be practiced. It is to be understood that other
embodiments may be utilized and structural changes may be made without
departing from the scope of the present invention.

- . The invention described in this application is useful with most all
mechanical configurations of disc drives utilizing either rotary or linear
actuation. FIG. 1 is an exploded view of one type of a disc drive 100 having a
rotary actuator. The disc drive 100 includes a housing or base 112, and a cover
114. The housing 112 and cover 114 form a disc enclosure. Rotatably attached
to the housing 112 on an actuator pivot shaft 118 is an actuator assembly 120.
The actuator assembly 120 includes a comb-like structure 122 having a plurality

of arms 123. Attached to the separate arms 123 on the comb 122 are load beams

‘or load springs 124. Load beams or load springs are also referred to as

suspensions. Attached at the end of each load spring 124 is a slider 126 which
carries a magnetic transducer head 150. The slider 126 with the transducer 150
form what is frequently called the head. It should be noted that many sliders

have one transducer 150 and that is what is shown in the figures.- However, this
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invention is equally applicable to sliders having more than one transdué’er, such

~ as what is referred to as an MR or magneto resistive'h_ead'in which one

transducer 150 is generally used for ré‘adip’g_:'and another is generally used for

writing. _
| On the end of the actuator assembly 120 opposite the load springs
124 and the sliders 126 is a voice coil 128. Located above and below the voice
coil 128 is a first magnet 130 and a second magnet 131. As shown in FIG. 1, the
first magnei 130 is associated with the cover 114 while the second magnet is
adjacent the housing 112. The ﬁrsf and second magnets 130, 131, and the voice
coil 128 are the key components of a voice coil motor which applies a force to
the actuator assembly 120 to rotate it about the actuator pivot shaft 118. Also
mounted to the housing 112isa spindle.'mot()r-(not shown). The spindle motor
includes a rotating portion called the spiﬁdle hub 133. In this particular disc
drive, the spindle motor is within the hub. In FIG. 1, a'mimber of discs 134 are

- attached to the spindle hub 133. In other disc drives, a single disc or a different

number of discs may be attached to the hub. The invention described herein is
equally applicable to disc drives which have. a plurality of discs as well as disc
drives that have a single disc. The invention described herein is also equally
applicable to disc drives with spindie motors which are within the hub 133 or,
alternatively, under the hub. '

The disk drive 100 includes the mechanical components

discussed above as well as various electronic components such as a printed

circuit board (not shown) typically attached to the lower (as viewed in FIG. 1)
side of the housing 112. Without the circuit board and other electronics, the disc
drive is often referred to as a head disc assembly or HDA 152. Stated
alternatively, the mechanical components, including the drive housing 112,
cover 114, actuator assembly 120, pivot shaft 118, arms 123, transducer heads .
150, spindle hub 133, spindle shaft 138, and discs 134 among others generally
define the HDA 152. The HDA isa convenieﬁt sub-assembly for completing
various manufacturing processes including servo-track writing. For instance, the

HDA provides physical access to the voice coil 128 during manufacture via
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apertures 136 bui can thereafter be sealed (hermetically if necessary) to ensure
that the internal components remain substantially contaminant-free. Near the
end of production, the drive electronics are assembled to the HDA 152 to
produce the disc drive 100.

Referring now to FIG. 2, shown therein is a schematic
representation of a servo track writer 200, constructed in accordance with the

preferred embodiment of the present invention. As discussed below, the servo

-track writer 200 serves to write the servo information to the discs 134 (shown in

FIG. 1) during manufacturing of the HDA 152.
~As shown in FIG. 2, the HDA 152 is mounted over a mounting

- fixture 202 which serves as a mechanical reference for the servo track writer

:200. The mounting fixture 202 typically comprises a granite block (not
separately designated in FIG. 2) having a calibrated, level top surface on which
a mounting plate (also not separately designated in FIG. 2) is placed. The

. mounting plate includes clamps (not shown) which locate and secure the HDA

152 to the mounting fixture 202. As such mounting fixtures 202 are well
known, additional discussion will not be provided herein except to state that the
HDA 152 is mounted in such a manner so as to provide access to the E-block of
the actuator assembly 120 (shown in FIG. 1) by the servo track writer 200
during a servo write operation.

Continuing with FIG. 2, a pusher block assembly 204 is also
mounted to the mounting fixture 202 underneath the HDA 152 so as to engage
the actuator assembly 120 of the HDA 152 in order to selectively position the
actuator assembly 120 relative to the discs 134. Typically an opening (not
shown) is provided in the bottom of the deck or base 112 (shown in FIG. 1) of
the HDA 152 so that the pusher block assembly 204 can access the internal
environment of the HDA 152 by extending up through the opening iﬂ the deck
or base 112. Once the servo information is written, the opening is typically
covered by an adhesive label or other means to seal the internal environment of
the HDA. Further, it will be recognized that, as actuator assemblies (such as
shown at 120 in FIG. 1) typically include a mechanical bias either towards the
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inner or the outer diameter of the discs 134, the pusher pin engages the actuator
against this bias and exerts a h’ori-’zoht_a_l for'ée upon the actuator. Thus, it is
unnecessary to mechanically secure thé pﬁS_hér block assembly 204 to the
actuator assembly 120; instead, the exi__sﬁng_ bias of the actuator assembly is
typically used to ensure contact is ma’iﬁtéiﬁed ‘between the pﬁsher block
assembly 204 and the actuator assembly 120

Moreover, the servo track writer 200 further comprises a
conventional positioning system 206 which rotates the pusher block assembly-

204 about a central axis (not shown in FIG. 2, for purposes of clarity) in order to

advance the position of the actuator assembly 120. The position of the pusher

. block assembly 204 is controlled by the positioning System 206 through

detection means (not separately shown) which detects the position of the pusher
block assembly 204 and provides correction signals to a motor (also not
separétely shown) of the positioning system 206 in order to rotate the pusher -
block assembly 204 accordingly. In the preferred embodiment, the positioning

system 206 comprises a laser based, closed loop positioner utilizing a laser and

- appropriate sensors to detect the position of the pusher block assembly 204,

‘although it will be recognized that other types of positioning systems can be

used. One such laser based positioning system is model 137K15, manufactured
by Teletrak Inc. As will be recognized, the positioning system 206 is-mounted to
the mounting fixture 202 relative to the HDA 152.

Continuing with FIG. 2, the servo track writer 200 is further
shown to include a control circuit 210 which interfaces with a personal computer
(PC) 212 and controls the operation of the sefvo track wr_iter 200 and the HDA

152 during a servo write operation, including the transfer of the servo

- information to the HDA 152 from the PC 212.

During operation of the servo track writer 200 to write the servo
information to the HDA 152, a user mounts the._HDA' 152 to the mounting
fixture 202 and instructs the servo track writer 200 (by way of the PC 212) to
commence writing the servo information to the HDA 152. As a result, the

controller circuit 210 instructs the HDA 152 to commence rotation of the discs
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134 by way of the spindle motor 16 (shown in FIG. 1) and instructs the pusher

block assembly 204 to place the actuator assembly 20 at a starting position
(typically near the outer diameter of the discs 134). The servo track writer 200
will thereafter instruct the HDA 152 to write the servo information to each of the
surfaces of the discs 134, while mechanically advancing the pusher block
assembly 204 so as to define each new successive track on the discs 134. For
dedicated servo systems, the entire surface of one of the discs 134 will receive
the servo information, written by the corresponding servo head 150 (shown in
FIG. 1). For embedded servo systems, each of the heads 150 in turn will write
the servo information to the corresponding discs at the appropriate locations.

The time required to write the servo information to a typical
HDA depends upon the amount of servo information to be written to the discs,
the rotational speed ofthe discs 134 and the number of discs 134, but for

purposes of reference, it may take the servo track writer 200 as much as 30

-minutes to complete the servo write operation. Typically, the servo write

operation requires a relatively significant amount of time in a large scale disc

- drive manufacturing operation wherein thousands of disc drives are

manufactured each day. Hence, the importance of correctly writing the servo
information to the HDA 152 will be recognized, as the time required to rewrite
servo information to a population of drives can be extensive. Although servo

track writers 100 typically perform some level of testing of the servo

- information, frequencies in the PES may not be detected until subsequent

manufacturing operations when the PCB is mated with the HDA 152 and system
level testing of the disc drive is performed.

FIG 3 is a schematic view of a computer system, such as the
personal computer 212 shown in FIG. 2. The computer system 2000 may also
be called an electronic system or an information handling system or a controller
and includes a central processing unit, a memory and a system bus. The
information handling system includes a central processing unit 2004, a random
access memory 2032, and a system bus 2030 for communicatively coupling the

central processing unit 2004 and the random access memory 2032. The
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information handling system 2002 is attached to the HDA 152 attached to the

servo writer 200. The information handling system 2002 may also include an

- input/output bus 2010 and several devices peripheral devices, such as 2012,

2014, 2016, 2018, 2020, and 2022 may be attached to the input output bus 2010,
Peripheral devices may include hafd.disc drives, magneto optical drives, floppy
disc drives, monitors, keyboards and ofher such peripherals. The personal
computer 212 is used as a controller for the servo writer 200. The personal
computer 212 may receive data and output control signals for moving the
actuator 120 of the HDA 152. The personal computer 212 is used to perform
operations on the data input thereto. '

_ ~ FIG. 4 is a top view of a head disc assembly 152 positioned
within a servo track writer 200. The head disc assembly 152 shown in FIG. 4 is
for a disc drive 100 which is different than the disc drive from FIG. 1. It should
be noted that a servo writer 200 can be used to write servo track to the disc
drives. The head disc assembly 152 shown in FIG. 4 includes at least one disc

134 and an actuator 120. ‘The actuator 120 includes arms 123 which carry

- sliders 126. A transducer head 150 is positioned within the slider 126. The disc -

- 134 is placed on the hub 133. The hub is placed on a spindle which is '

~ essentially a shaft about which the hub 133 rotates. A spindle bearing (not
shown) is positioned between the spindle or shaft and the hub 133. The disc or -

discs are clamped to the hub with a disc clamp 400. The-disc clamp 400 is
annular and fits over the top of the hub 133. The servo writer 200 includes a
displacement sensor 410. The displacement sensor 410 measures the
displacement of the hub 133 during its rotation. The displacement sensor 410 is
positioned near the hub .133 and more specifically near the disc clamp 400. The
displacement sensor 410 can be any of a number of types of displacement
sensors including a capacity probe, eddy current probe or laser interferometer.
The displacement sensor 410 is used to gather data regarding displacement of

the hub 133 during its rotation. . In this particular invention, the displacement

~ sensor is used to measure and extract information regarding the frequency of the

'PCT/US00/00995
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ThEt

bearing cage ass&éféted with the spindle and _positionéci between the spindle and
the hub 133, o '

As mentioned previously, one major contributor to the relative
motion between the head and media is from the vibration spindle which is also
known as the non-repeatable runout (NRRQO). The NRRO is non-synchronous
to the spindle rotation but is periodic. The major contributor to the NRRO is the
cage rotation or ball train; thus, a periodic waveform is found. This wave will
not be synchronized to the spindle but nevertheless repeats itself at intervals
longer than one spindle rotation. Certain phase relationship arises between the
waveform associated with the bearing cage rotation and the spindle rotation.

The inventive servo track writing scheme described herein makes use of this

relationship to minimize the occurrences of track squeeze and to remove the

discontinuity. The servo writing method Synchronizes the start of the track
writing to a portion of the NRRO associated with the bearing cage frequency

.such that a closure can be made at the end of the track write.

The spindle NRRO is composed of mostly low frequency
components generated by the ball bearing of the spindle or hub 133. The largest
single component of spindle NRRQ is the cage frequency. Typically, the cage
frequency is approximately 60% of spindle rotational frequency. During the
process of servo track writing, the spindle NRRO has two aspect effects on track
misregistration (TMR). The two aspect effects are track-to-track squeeze and
repeatable runout. Assuming the magnitude of NRRO at the cage frequency is 1
microinch, under the worst case, the track-to-track squeeze will be 2
microinches as shown in FIG. 5.

- FIG. 5 shows the track-to-track squeeze due to cage frequency of
the spindle bearing cage. In FIG. 5, the dashed line is the perfect track or a
circular track. The solid lines show the real track when the phase of the spindle
béaring frequency equals 0° and 180°, respectively. The repeatable runout that
is induced by the spindle bearing cage at the cage frequency.can vary
considerably. The spectra or variation at various harmonics of the servo track

writer repeatable runout is shown in FIG. 6. As shown in FIG. 6, the solid line
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-at a particular harmonic is the m_a_ghitudc of the repeatable runout under the

worst case condition, while the dotted line is the repeatable runout in

‘microinches under the best condition. It can be seen from FIG. 6 that the

magnitude of the repeatable runout is very large in the first through fifth
harmonic. The magnitude or the spectrum of the various repeatable runouts
associated with the spindle bearing cage varies with the starting point or phase

of the cage frequency component during servo track writing. This is illustrated

- inFIG. 7.

In FIG. 7, the hérizontal axis is the phase of the cage frequency
and the vertical axis is the magnitude of RRO, the curves represent the different
harmonic components. There is a great difference between worst condition and
best condition, especially the higher harmonic components. For example, the
magnitude of the first harmonic component under the worst condition is
appm).cimately two times greater than that under the best condition. And the
magnitude of the second harmonic component under the worst condition is
approximately 3.5 times greater than that under the best condition. The
magnitude difference between the worst and best condition will enlarge with the
increment of the harmonic order. . o

FIG. 8 is a graph illustrating the track-to-track squeeze and
discontinuity due to the cage frequency component when only the spindle
frequency is synchronized to the servo writer. Only synchronizing the spindle
frequency to the servo writer is the present practice in servo track writing. FIG.
8 is an example of when the magnitude of the non-repeatable runout (NRRO) at
the cage frequency is one microinch. As illustrated in FIG. 8, the dashed lines -
are the perfect tracks the servo writer 200 is attempting to form and the solid
lines are the real tracks as written. As shown in FIG. 8, the amount of squeeze
can be as high as 2x of the NRRO. Numerous discontinuities also exist in the
track. The discontinuities appear as abrupt jumi)s in the solid lines in FIG. 8.

In order to improve the track registration and remove
discontinuities resulting from servo track writing, the servo track write is started

at a selected phase of the runout of the spindle cage frequency. In other words,
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‘the write timing is synchronized to the cage rotation to reduce the written-in

repeatable runout. FIG. 9 is a flow diagram of the procedure for synchronizing
the servo track write to the cage frequency of the spindle bearing. The first step
in the process, depicted by reference numeral 910, is to collect the spindle
runout signal X. The spindle runout signal is collected by the displacement
sensor 410 of the servo writer. Once the displacement data in the form of a

signal is obtained, the next step 912 is to wait until the cage cycle is at 6s. Osis

predetermined by
where fc = cage frequency and fs = spindle frecjuéncy. Then the servo track
write 'starts,. as depicted by reference number 922.

Once a servo track is written, the servo writer moves the actuator

to the next track position as depicted by reference numeral 924. If track settling

is complete as indicated by decision box 926, the next track is written as
depicted by reference numeral 927. If track settling is not complete, another
period of waiting is taken and then the determination as to whether track settling
is complete is made once again. After writing the next track as depicted by
reference numeral 927, the servo writer determines if all tracks are written, as
depicted by reference numeral 928. If all tracks are written, the servo writer
completes or ends the task that is affected by reference numeral 930. If all
tracks are not written, the process returns to step 912 where the spindle runout

signal is monitored until the cage cycle is at 0s.

FIG. 10 shows a diagram of the cage cycle. The x axis is time.
The y axis is the amplitude of the cage cycle. Referring now to FIG. 10, the

expression
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which was used in the method discﬁssed with reference to FIG. 9, will be
derived. . |
| Becauée of the mechahical interface between aspindle and a
bearing set, it is assumed that Ts> &~ | | )
5 where Ts=time périod for one spindle cycle and
Tc = time period for one cage cycle.
Formula 2 above holds for a typical bearing.
The time period for one spindle cycle is set forth by the

expression below: a

10 t2 ! t; = Ts (time period for 1 spindle cycle) | 3)
| | For examplé, a spindle speed of 90 Hz, Ts = 0.011 seconds.

Tc Te (Te :
Is=| — +—+| —e
S (2 .t_l) 2 (2 t:)

For y; =y, on the cage cycle the following holds:

tl=.!_ E.TS)
2\ 2

Ts="Tce2
2 )

15 Solving expression (5) for t; yields:
To find 6s (the phase when to start writing servo track), on the cage
-frequency cycle
bstituti ion (6),
s =1L (er: n) (by definition of phase) now substituting expression (6)
Tc which defines t;, into expression

20 (7),ityields
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) Gs=i[§-]—1£OTs)'—1—027r
2z _

Os= (l?— . —]:{) n (in radians)
2 Ice) -

simplifying equation (8) yields
As is well known, the time period of a cycle is equal to the inverse of the
frequency for that cycle. Therefore,
' Ts = 1 spindle cycle (sec) = £ (10)

Tc = 1 cage cycle (sec) = £ : (11)

or substituting (10) and (11) into equation (9), yields equation 1 which is

repeated below.

The result of the procedures discussed are reflected in the graph
of FIG. 11. FIG. 11 is a graph illustrating a track-to-track squeeze due to the
cage frequency component when only the cage frequency is synchronized to the
servo writer 200. The track-to-track squeeze generated by the cage frequency
component is shown in FIG. 11. In FIG. 11, it is assumed that the magnitude of
the nonrepeatable runout at the cage frequency is 1 microinch. Under the worst
case, the track-to-track squeeze will be about 1 microinch, that is to say that the
cage frequency amplitude is only half of the current condition. Furthermore,
discontinuities have been removed from the tracks as written, when compared to
the perfect track. As you will recall, the perfect track is represented by the
dotted lines while the actual written track is shown in solid lines.

In FIG. 12, further improvements in the track-to-track squeeze
and the elimination of discontinuities is shown. FIG. 12 is a graph illustrating

the absence of the track-to-track squeeze due to the cage frequency component
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when both the cage frequency and the spindle frequency are synchronized to the
servo writer 200. The track-to-track spacing as shown in FIG. 12 when both the
cage frequency and the spindle rotation frequency are Synched to the servo track
writer reveals that squeeze is further lessened or almost eliminated. In addition,
the discontinuities are all but removed. Each track is laid out synchronous to
each other, further impfovirig the writtén—in repeatable runout. It should be
noted that such a scheme will increase the write time-apprqximately 10 times to
that of the current servo track writing time. It should be noted that if both the
cage frequency and the spindle rotation frequency are synched to the servo track
writer that the throughput time for writing éervq to HDAs 152 will be greatly
reduced. .

FIG. 13 is a flow diagrani of the procedure for synchronizing the
servo write to both the cage frequency and the spindle frequency 1300." As
depictéd' by step 1310 the spindle runout signal is monitored until the cage cycle
is at 6, as depicted by step 1320. When the cage frequency is at 6; the servo
write of the first track is started as depicted by step 1330. The phase @ of the
spindle cycle at the time when the first track write is started is also recorded as
depicted by step 1322. Once the servo write of the first track is completed, the
actuator moves the transducer to the next track, as depicted by step 1340. The
next step is to determine if the track settle is completed after the seek to the next
track, as depicted by step 1342. If not, the track settle step 1342 is repeated. If
the track settle is completed, the spindle runout signal' is monitored once again
until the cage cycle is at 0, as depicted by step 1350. Next, the spindle runout
signal is monitored to determine if the spindle cycle is at phase @, as depicted
by decision box 1360. If the spindle cycle is not at phase ®, step 1350 and 1360
are repeated. If the spindle cycle is at phase ®; the track is servo written, as
depicted by step 1370. The next portion of the process includes.a determination
as to whether all tracks are servo written, as depicted in decision box 1380. If
all the tracks are written, the process ends, as depicted by reference number

1390. If all the tracks are not written, the actuator is moved to the next track as

PCT/US00/00995
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- depicted by step 1340 Steps 1342 to 1380 are then fépeated until the process

ends as depicted by 1390.

It should be noted that the single largest component of servo track
writer repeatable runout is the spindle cage frequency component. Thus, it can
be seen that by synchronizing the cage frequency at the optimum starting phase
to perform servo track writing not only improves the track-to-track squeeze but
also improves the written-in repeatable runout.

Advantageously, the method and apparatus of the present
invention produces disc drives with higher storage capacity than those drives
produced by other servo writing methods/apparatuses. In particular, the instant
invention permits precise, concentric writing of servo information to the disc.
This reduces the servo track written repeatable run out and reduces the overall
TMR budget so that tracks may be more closely spaced. Allowing tracks to be

more closely spaced allows for the higher storage capacity of the disc drive.

- Advantageously, the method and apparatus reduce non-repeatable run out using

current manufacturing apparatus and methods.

Conclusion

In conclusion, a servo track writer 200 for writing servo
information to a head disc assembly 152 includes a mounting fixture 202 for
mounting a head disc assembly 152. The head disc assembly 152 includes a disc
134 attached to a base 112 with a spindle bearing, and a rotary actuator 120
adjacent the disc 134. The actuator 120 includes a read/write head 150 for
selectively magnetizing the disc. The mounting fixture 202 provides a
mechanical reference for the servo track writer 200 as servo information is
written to the head disc assembly 152. The servo track writer 200 also includes
a pusher block assembly 204 mounted to the mounting fixture 202 proximate the
actuator of the head disc assembly 152. The pusher block assembly 204
mechanically positions the actuator 120. The servo track writer 200 also
includes a position control system 206 for controlling the position of the

actuator. The position control system 206 further includes a motor connected to
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the pusher block assembly 204, and a controller 212 for outputting control

signals to the motor in order to adjust the position of the actuator 120 with
respect to the (iisc 134. The'cohtrolier 212 synchroniz_c_}_s the motion of the
actuator 120 to a cage frequeﬁcy of the spiﬂdle b'éariﬁ_'g_._-
The position control system may further have a sensor 410 for monitoring the
cage frequency of the spindle bearing of the head disc assembly.

The controller 212 selects the time to "stéft serv.o writing in
response to the cage frequency of the spindle bearing. “The position control
system of the servo track writer may also include a detector 410 for determining

the position of the actuator 120 and outpﬁtti_r_lg control signals to the motor in

~ order to adjust the position of the actuator 120 in response to the detected

position of the actuator and a desired position of the actﬁator.
The‘controllelj 212 for outputting control signals to the motor

may synchronize to the spindle rotation frequency .in addition to the spindle

| bearing cage frequency. The servo track writer 200 may also have a sensor 410
i for monitoring the cage frequency of the spindle bearing of the head disc

assembly 134. The servo track writer 200 which synchs to both the spindle

rotation frequency énd the spindle bearing éage frequency may also have a
sensor 410 for monitoring the cage frequency of the spindle bearing of the head
disc assembly 134. The controller 212 selects the time to start servo writing in

response to the cage frequency of the spindle bearing. The servo track writer

200 further includes a detector 410 for determining the p_bsition of the actuator

120 and outputting control signals to the motor in order to adjust the position of
the actuator 120 in response to the detected position of the actuator and a desired
position of the actuator 120. : |
Also disclosed is a method for writing servo patterns to a disc
drive which includes at least one disc mounted on a spindle 133 with a spindle
bearing, the at least one disc 134 mounted for rotation ab‘but an axis. The disc
drive also includes an actuator 120 for moving each of at least one transducer

relative to an associated at least one disc 134. The transducer 126 reads and

. writes information to the associated disc 134. The servo writer 200 includes a

PCT/US00/00995
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linkage for controllably moving the actuator 120 dunng servo writing. The
method for writiﬁg servo patterns includes monitoring spindle run out data 910,
and moving the linkage of the servo writer to synchronize movement of the
actuator to the spindle bearing cage frequency. The step of moving the linkage
of the servo writer 200 to synchronize movement of the actuator 120 to the
spindle bearing cage frequency may still further include timing the initial
movement of the linkage of the servo writer 200 to start the servo write process
based on the phase of the spindle bearing cage frequency. The timing step may
be based on measuring the phase at the spindle cage frequency 918. The step of
timing the initial movement of the linkage of the servo writer to start the servo
write process based on the phase of the spindle bearing cage may be selected so
that the spindle bearing cage frequency is at the minimum.

The method for writing servo patterns to a disc drive may further
comprise the step of determining a spindle frequency, and using the spindle
frequency in addition to the bearing cage frequency 912 to synchronize
movement of the actuator 120 the spindle bearing cage frequency and to
synbhronize movement to the spindle frequency. The step of moving the
linkage 200 of the servo writer to synchronize movement of the actuator 120 the
spindle bearing cage frequency may also include timing the initial movement of
the linkage of the servo writer 200 to start the servo write process based on the
phase of the spindle bearing cage frequency.

Most generally, a servo track writer 200 for writing servo
information to a head disc assembly 134 is disclosed which includes a position
control system for controlling the position of the actuator. The head disc
assembly 152 includes a disc attached to a base 112 with a spindle bearing, and
arotary actuator 120 adjacent the disc 134. The actuator 120 includes a
read/write head 120 for selectively magnetizing the disc 134. The servo track
writer 200 includes a motor connected to a pusher block assembly 204, and a
device for moving the pusher block 204 in synch with the motion of the spindle

bearing.

PCT/UsS00/00995
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It is to be understood that the above description is intended to be
illustrative, and not restrictive. Many other embodiments will be apparent to
those of skill in the art upon revieWﬁg the above description. The scope of the
invention should, therefore, be determined with reference to the appended

5 claims, along with the full scope of equivalents to which such claims are

entitled.
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What is claimed 1s '
1. A servo track writer for writing servo information to a head disc

assembly, the head disc assembly including a disc attached to a base with a

5  spindle bearing, and a rotary actuator adjacent the disc, the actuator including a
read/write head for selectively magnetizing the disc, the servo track writer
comprising:

a mounting fixture for mounting the head disc assembly, the mounting
fixture providing a mechanical reference for the servo track writer as servo

10 information is written to the head disc assembly;

a pusher block assembly, mounted to the mounting fixture proximate the
actuator of the head disc assembly, for mechanically positioning the actuator;
and

a position control system for controlling the position of the actuator, the

15 position control system further comprising;
a motor connected to the pusher block assembly; and
a controller for outputting control signals to the motor in order to
adjust the position of the actuator with respect to the disc, the controller
. synchronizing the motion of the actuator to a cage frequency of the spindle

20  bearing.

2. The servo track writer of claim 1 wherein the position control system
further comprises a sensor for monitoring the cage frequency of the spindle

bearing of the head disc assembly.

25
3. The servo track writer of claim 1 wherein the position control system
further comprises a sensor for monitoring the cage frequency of the spindle
bearing of the head disc assembly, said controller selecting the time to start
servo writing in response to the cage frequency of the spindle bearing.

30
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4, The servo track writer of claim 3 wherein the position control system
further comprises a detector for determinir_xg-the position of the actuator and
outputting control signals to the motor in order to adjust the position of the
actuator in response to the detected position of the actuator and a desired

position of the actuator.

5. The servo track writer of claim 1 wherein the controller for outputting

control signals to the motor also synchronizes to the spindle rotation frequency.

6. The servo track writer of claim 5 wherein the position control system
further comprises a sensor for monitoring the cage frequency of the spindle

bearing of the head disc assembly.

7. The servo track writer of claim 5 wherein the position control system
further comprises a sensor for monitoring the cage frequency of the spindle
bearing of the head disc assembly, said controller selecting the time to start

servo writing in response to the cage frequency of the spindle bearing.

8. The servo track writer of claim 7 wherein the position control system
further comprises a detector for determining the position of the actuator and
outputting control signals to the motor in order to adjust the position of the
actuator in response to the detected position of the actuator and a desired

position of the actuator.

9. A method for writing servo patterns to a disc drive which includes at
least one disc mounted on a spindle with a spindle bearing,'the at least one disc
mounted for rotation about an axis, the disc drive also including an actuator for
moving each of at least one transducer relative to an associated at least one disc,
thé at least one transducer for reading and writing information to the associated

disc, the servo writer including a linkage for controllably moving the actuator

' *cln s  *x
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during servo writing, said method comprising steps of: .

(a) collecting spindle run out data;

(b)  determining a spindle bearing cage frequency from the collected
data; and

8 moving the linkage of the servo writer to synchronize movement

of the actuator to the spindle bearing cage frequency.

10.  The method for writing servo patterns to a disc drive as recited in claim 9
wherein the determining step (b) further comprises a step (b)(I) of calculating

the spindle bearing cage frequency.

11.  The method for writing servo patterns to a disc drive as recited in claim
10 wherein the moving step 8 further comprises:
(c)(D) generating run out at the spindle bearing cage frequency; and

(c)(ii) calculating the phase of the spindle bearing cage frequency.

12.  The method for writing servo patterns to a disc drive as recited in claim
11 wherein the moving step 8 further comprises:
(c)(iii) timing the initial movement of the linkage of the servo writer to

start the servo write process based on the phase of the spindle bearing cage

frequency.

13.  The method for writing servo patterns to a disc drive as recited in claim
12 wherein the timing step (c)(iii) is based on measuring the phase at the spindle

cage frequency.

14.  The method for writing servo patterns to a disc drive as recited in claim

11 wherein the moving step 8 further comprises:

_

|

PCT/US00/00995
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(c)(i1i) timing the initial movement of the linkage of the servo writer to
start the servo write process based on the phase of the.spindle bearing cage

frequency being at the minimum.

- 15, The method for writing servo patterns to a disc drive as recited in claim 9

further comprising th,e-step of (d) determining a spindle frequency , and
wherein the moving step 8 further comprises moving the linkage of the
servo writer to synchronize movement of the actuator ihe_ spindle bearing cage

frequency and to synchronize movement to the spindle frequency.

16.  The method for writing servo patterns to a disc drive as recited in claim
16 wherein the determining step (b) further comprises a step (b)(I) of calculating

the spindle bearing cage frequency.

17.  The method for writing servo patterns to a disc drive as recited in claim
17 wherein the moving step 8 further comprises:
(c)(D generating run out at the spindle bearing cage frequency; and

(c)(ii) calculating the phase of the spindle bearing cage frequency.

18.  The method for writing servo patterns to a disc driv_e as recited in claim
18 wherein the movihg step 8 further comprises:

(c)(iii) timing the initial movement of the lirikage. of the servo writer to
start the servo write process based on the phase of the spindle bearing cage

frequency.

19. A servo track writer for writing servo information to a head disc
assembly, the head disc asserhbly including a disc attached to a base witha
spindle bearing, and a rotary actuator adjacent the disc, the actuator including a
read/write head for selectively magnetizing the ciisc, the servo track writer
including a position control system for controlling the position of the actuator,
the position control system further comprising:

a motor connected to the pusher block assembly; and

I
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meaiié for moving the pusher block in synch with the motion of

the spindle bearing,.

[y T
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o AMENDED CLAIMS
[received by the International Bureau on 24 August 2000 (24.08.00);
original claims 9-12 and 14-18 amended; original claim 19 cancelled;
remaining claims unchanged (2 pages)]

during servo writing, said method comprising steps of:

(a) collecting spindle run out data;

(b)  determining a spindle bearing cage frequency from the collected
data; and _

(c) moving the linkage of the servo writer to synchronize movement
of the actnatof to the spindle bearing cage frequency.

10.  The method for ﬁfriting servo patterns to a disc drive as recited in claim 9
wherein the determining step (b) further comprises a step (b)(i) of calculating
the spindle bearing cage frequency.

11.  The method for writing servo patterns to a disc drive as recited in claim
10 wherein the moving step (c) further comprises:
(c)(i) generating run out at the Spindle bearing cage frequency; and
(c)(ii) calculating the phase of the spindie bearing cage frequency.

12. The method for writing servo patterns to a disc drive as recited in claim
11 wherein the moving step (c) further comprises:

(c)(iii) timing the initial movement of the linkage of the servo writer to
start the servo write process based on the phase of the spindle bearing cage

frequency.

13.  The method for writing servo pattemns to a disc drive as recited in claim
12 wherein the timing step (c)(iii) is based on measuring the phase at the spindle
cage frequency.

14.  The method for writing servo patterns to a disc drive as recited in claim

P

AMENDED SHEET (ARTICLE 1

9 ;
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(c)(iii) tiihg the initial movement of the lirikige of the servo writer to
start the servo write process based on the phase of the spindle bearing cage

frequency being at the minimum.

15. . The method for writing servo patterns to a disc drive as recited in claim 9
further comprising the step of (d) determining a spindle frequency , and

wherein the moving step (c) further comprises moving the linkage of the
servo writer to synchronize movement of the actuator the spindle bearing cage
frequency and to synchronize movement to the spindle frequency.

16.  The method for writing servo patterns to a disc drive as recited in claim .
15 wherein the determining step (b} further comprises a step (b)(i) of calculating
the spindle bearing cage frequency.

17.  The method for writing servo patterns to a disc drive as recited in claim
16 wherein the moving step (c) further comprises:
{c)(i) generating run out at the spindle bearing cage frequency; and
(c)(ii) calculating the phase of the spindle bearing cage' frequency.

18.  The method for writing servo patterns to a disc drive as recited in claim
17 wherein the moving step (c) further comprises:

(c)(iii) timing the initial movement of the linkage of the servo writer to
start the servo w;ite process based on the phase of the spindle bearing cage

frequency.
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Statement under Article 19(1)

The present claxms are distinguishaBle m_rér the cited prior art in that
the controller synchronizes the motion of the actuator with respect to the cage
frequency of the spindle bearing. This provides for a significant reduction in
servo track written repeatable runout, allowing for an increase in overall track

density and increase in disc drive capacity.



