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PREDICTION AND CANCELLATION OF CAGE. FREQUENCY
IN A DISC DRIVE

Related Applications
The present application claims benefit of the United States

provisional patent application number 60,212,542, filed June 20, 2000.
Field of the Invention

The present invention relates generally to disc drives. More
particularly, the present invention relates to the writing of servo patterns in

disc drives.
Background of the Invention

Disc drives include one or more magnetizable discs mounted on a
spindle motor for rotation. Information is stored on the discs in a plurality
of nominally concentric tracks. Heads mounted to an actuator are used for
writing information to the tracks and for reading back stored information.
The actuator is moved by a voice coil motor to position the heads with
respect to the tracks. Head positioning information, or servo information,
is prerecorded on at least one of the discs during the manufacturing
process, typically using a servowriter.

Such servowriter systems typically include a controller that sends
position commands to a stationary head for writing servo information to a
disc. The disc on which servo information is to be written is rotated by a
spindle motor beneath the head so that the head defines a circular track on
the disc. Ideally, the tracks defined by the servowriter should be perfectly
concentric. Unfortunately, various factors such as bearing tolerances,

misalignment of the discs, mechanical resonance of the servo writing
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system, and others, tend to lead to errors in the location of the servo
information. One of the factors contributing to irregularities is the
vibration of the spindle motor, known as spindle non-repeatable runout
(NRRO), of which a most significant component is the cage frequency. The
presence of a large cage frequency may cause the disc to be radially
displaced with respect to the head, causing the head to write a spiral
instead of a circle. This is referred to as a track closure problem. Track
squeeze errors may also occur. This is when neighboring tracks are too
close to each other. Track squeeze is undesirable because it may generate
data crosstalk between neighboring tracks or result in distorted servo
information.

In a high-density disc drive where the track width is very small,
track closure and track squeeze errors can have a detrimental impact on the
performance of the disc drive. Therefore, it is important to eliminate the
effects of spindle NRRO.

One conventional method reduces the written in repeatable runout
(RRO) by starting the servo track writing operation at a selected phase of
the cage frequency. However, as the servowriter must wait for that
selected phase of the cage frequency before writing the next track, the servo
write process takes a long time. In addition, the problems of track closure
and track squeeze as caused by the cage frequency are not sufficiently
addressed.

Some conventional servowriters have resorted to the use of a
dedicated position sensor to measure the relative movement between the
head and the disc, and then to compensate for the relative movement. The
use of a dedicated position sensor can be costly, and in view of the
increasing demand for cheaper yet better quality disc drives, some cheaper
solution is needed to solve the problem of having ill-defined tracks

resulting from spindle NRRO.
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The present invention provides a solution to this and other

problems, and offers other advantages over the prior art.
Summary of the Invention

The present invention compensates for the effect of cage frequency
when writing servo information, thus providing a solution to track closure
and track squeeze problems. In one embodiment, a servowriter system
reads back servo information from a track during a "measurement
interval." From the read back signals, a measured cage frequency value is
extracted. As the head acts as a cage frequency sensor, in addition to
writing servo information to the disc, the present invention is cheaper than
conventional systems that require an additional laser position transducer
dedicated to the measurement of cage frequency effects.

Based on the measured cage frequency, a predicted cage frequency
is calculated. During a time period referred to as the servo write interval,
the predicted cage frequency is fed, in a feed forward arrangement, to the
servo commands controlling the position of the head. The head is thus
made to follow the radial movement of the disc, and in this manner, cancel
out the effects of the cage frequency. During the servo write interval, the
servowriter system writes servo information to the disc.

At the end of the servo write interval, the process is repeated unless
the last track for the disc has been written. The cage frequency
compensation is switched off and the head reads back servo information
from the last written track. This last written track is used as a reference
track for the next measurement interval. As each subsequent predicted |
cage frequency should be more accurate than the previous predicted cage
frequency, the servo write interval can be increased. Compared to the
conventional method that requires synchronization with the cage

frequency at every track, the present invention takes less time to complete
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the servo writing process as measurement of the cage frequency is only
made intermittently.

These and various other features as well as advantages which
characterize the present invention will be apparent upon reading of the

following detailed description and review of the associated drawings.
Brief Description of the Drawings

FIG. 11is a block diagram of a servowriter system according to the
present invention.
FIG:s 2, 3 and 4 show a flowchart detailing a preferred method of

writing servo information to a disc drive.
Detailed Description

Turning now to the drawings, and more particularly to FIG. 1, there
is shown a functional block representation of a servowriter system 10 for a
disc drive 12. A servowriter 20 may include a servowriter plant 14 (for
example, a push pin), a laser position transducer 16 and a controller 18. In
the disc drive 12, a head 22 is supported on an actuator 24 that can control
the position of the head 22 relative to a disc 28. The push pin of the
servowriter moves the head according to the positon commands of the
servowriter. The head is configured to write servo information to the disc,
and to read back the servo information during servo writing process.
During the servo writing process, any movement of the head relative to the
servowriter system is detected indirectly by the laser position transducéf 16
and compensated for accordingly. Such a laser position transducer is,
however, unable to detect radial movement of the disc relative to the head
resulting from cage frequency. Instead of using an additional laser

position transducer to measure such radial movements caused by the cage
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frequency of the spindle motor, the present invention offers the advantage
of using the head itself as a cage frequency sensor. Servo information read
back by the head during a measurement interval is processed by an
algorithm residing in a microprocessor 30 of the servowriter to extract a
measured cage frequency. Based on the measured cage frequency, the
servowriter system generates a predicted cage frequency 32. In the servo
write interval, when the head is writing servo information to the disc, the
predicted cage frequency is added to the position command 34 in a feed
forward arrangement so as to make the actuator, and therefore the head,
follow the disc movements due to the cage frequency. The result of this
compensation is that there is no relative movement between the head and
the disc that is contributed by the cage frequency. After the servo write
interval, a second measurement of the cage frequency is taken, upon which
a second predicted cage frequency is based. The cycle is repeated until the
desired total number of tracks has been defined on the disc.

FIG.s 2, 3 and 4 provide a flowchart for illustrating a preferred
method of predicting and canceling the cage frequency component from
the servo information written to a disc. The servowriter first generates
normal servo patterns and causes the head to write a reference track on the
disc 50. The reference track may be written in a zone at the outer diameter
or the inner diameter of the disc, in a region outside the user track zone.
“There may be written-in repeatable runout (RRO) on the reference track,
and this may include the spindle RRO, cage frequency and track closure.

The head then reads back Mo number of revolutions of the servo
patterns of the reference track 52. From the position error signal (PES) read
from the reference track, the servowriter system calculates the RRO using

equation (1) given below:

Re(m)= 3, == )
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where P(n,m) is the PES of servo sectors n [0, N]in spindle revolution m.

N is the number of servo sectors in a spindle revolution. If the PES
measuremenf from the head is Pr(n) in a revolution, the actual non-
repeatable runout (NRRO) is P(n) = Pr(n) - Ro(n). Removing the RRO
component from the PES measured, the NRRO component, which includes

the cage frequency, can be determined (step 54).

Ne fn

[l

There are Nc= servo sectors in a cage revolution, where N is

the number of servo sectors in one spindle motor revolution, f, and f; are
the spindle motor frequency and the initial cage frequency, respectively.
The magnitude P of the cage frequency component is obtained 56

from averaging each cage revolution as shown in equation (2) below:

Pe(nc.k)=o ® P(ne,k)+(1—o) ® Pe(ne.k ~1) 2

where 7. € [0, N¢] is the sector number of a cage frequency and k is the

revolution number of cage frequency. « is a weight coefficient greater than
0 and less than 1. Pe(nc k) is the magnitude of cage frequency at sector n. in
cage frequency revolution k.
Alternatively, the cage frequency can be extracted by passing the
NRRO P(n) through a bandpass filter having a center frequency of f;. -
It is found that the magnitude of the cage frequency is larger at the
outer diameter than at the inner diameter of a disc, and that the top disc in
a disc stack has a larger cage frequency than the bottom disc at the same
zone. Therefore, in a disc drive with more than one disc, an average value
for the magnitude of the cage frequency is used as the input of the feed
forward compensation.

The peak magnitude Pco of the measured cage frequency is

compared against a magnitude limit P. 58, which may be set with reference
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to the track width. If it is observed that a peak magnitude that is larger
than 30 to 50 percent of the track width is suggestive of some fatal defects
in the spindle motor, a suitable magnitude limit P. can be set at about 30
percent of thé track width. For cases where the peak magnitude is larger
than the magnitude limit, the servo write is terminated and the disc drive
rejected.

The peak magnitude P is also compared against a threshold
magnitude Pr 60, which may be set with reference to the track width. If a
peak magnitude of less than 5 to 6 percent of the track width is acceptable,
the threshold magnitude may be set at about 5 to 6 percent of the track
width. For cases where the peak magnitude is less than the threshold
magnitude, the servo write process is carried out without compensation for
cage frequency to reduce the time taken for the servo write process 62.

Experiments show that the magnitude of the cage frequency is very
stable for a certain time interval in a disc drive. In comparison, the
frequency of the cage frequency varies slightly from drive to drive, and
from cage frequency revolution to cage frequency revolution. The phase
drift is linear to the number of revolutions, and after a certain number of
cage frequency revolutions, a significant phase drift will be apparent.
During servo write, the servowriter has no information on the phase drift.

In the present invention, the predicted cage frequency is represented

by Pi(nc) = Pcesin(2nf.T: o (nc +1)), and that the actual cage frequency is
Pc(nc) = Pcosin(2nf.Ts @ nc), where Ts = 7\/'}]—’— is the sampling duration of the

servo system and [ is the number of phase drift sectors. Assuming that the
magnitudes of the predicted cage frequency and of the actual cage |
frequency are the same, the error between the actual cage frequency and
the predicted cage frequency due to phase drift, otherwise known as the

feed forward compensation error, is
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Sin(z"fcle D peesin@niTio (ne- L ey
sin(nfTs » (5 Ne-1)) 22

E(nc) = Pc(nc) - Pi(nc) =

©)

If there is no phase drift, that is, if = 0, the feed forward compensation

error E(nc) = 0. However, when the phase drift / = % , the feed forward

compensation error E(nc) =2 e P..sin(2nf.T; ® nc) results in aggravated track
closure and track squeeze errors.

Thus, if Pr < Pc < P, the next step 64 is to calculate the phase drift
limit

(-St, St) using the following equation:

sin(2nf.Ts o Si)

Er= I
Sin(TtﬁTs . (—2" N(.‘ - SL))

o P 4)

where Er is a predefined track closure and track squeeze error threshold.
The relationship between P and S can be stored in a table in the servo
writer memory and the phase drift limit Sy, can be obtained by looking up
the table.

The phase drift per revolution 8o is next determined 66. Assuming

Ne Mo

that the head reads back K =

revolutions of cage frequency from

the reference track, and the phase drift between the first revolution and the

last revolution is So. The phase drift per revolution is §o = -'j—{g . The

accuracy of the calculated phase drift per revolution is eTZ—' sectors where

err is the accuracy of the phase drift sector calculation (3 sigma).
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1 & —
err=3c =3 \/ e Z(ch - Nc)* , where N is the calculated number of sectors
k=1

: . o 1 E .
in revolution k and N.= % z N is the mean number of sectors per
k=1

revolution. err is determined by the cage frequency signal to noise ratio.

The accuracy improves as K increases. The measured cage frequency can

ﬁ.Nc

thus be more accurately represented by feo = than the initial cage

c+00

frequency fc.
It can therefore be predicted that after the servowriter writes k cage
revolutions of the servo pattern with cage frequency compensation, the

phase drift due to the inaccuracy of the calculated phase drift is within

keerr

. For simplicity, here the number of the cage revolution is used to

calculate the servo write time instead of spindle revolutions. If the first
interval of servo write is K1 = B ¢ K cage revolutions, where B is an
expansion coefficient, the phase drift between the predicted and actual

cage frequency is within f eerr after K; revolutions of servo write. If the

phase drift limitation is St, B is chosen so that B < S 68.

err

The cage frequency compensator is provoked (step 70) for the servo
write interval set 69. Using a sine waveform table stored in the servowriter
memory, the predicted cage frequency is generated and provided to the
servo write system in a feed forward arrangement. The servowriter writes
servo patterns in a first servo write interval of K cage revolutions 72.

The predicted cage frequency can be expressed as
Pi(nc) = sin(2nf.T; e nc), where nc € [0, Nc]. Since the phase drift is linear to
the number of cage frequency revolutions, the predicted cage frequency
that is fed to the compensator is modified to

Pi(ne, k) = sin( 2nfeTs ® (ne + int( £8 o)) , where int(kdo) is the integer part of
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ko. For simplicity of description, the peak magnitude of the cage
frequency P. is omitted from the expression.

After K; cage revolutions of servo write, the servowriter repeats the
process of méasuring and predicting the cage frequency and of writing
servo information to new tracks with cage frequency compensation. This is
repeated until the last track of the disc has been written 74. If more servo
tracks are to be written, the servowriter moves the head back to the last
written track 76 and, without cage frequency compensation, the head
measures the PES of M; spindle revolutions on the last written track 78. Mj
may be set much smaller than Mo because the value of M has no impact on
the phase drift calculation accuracy, but M; must be set larger than the
transient of the bandpass filter of the cage frequency. The peak magnitude,
phase drift and phase drift per revolution of the cage magnitude are
obtained as described above. The peak magnitude is again compared with
the magnitude limit P, 80 and the threshold magnitude Pr 82. If P, > Py,
the servo write process is terminated and the disc drive is rejected. If Py <
Pr, compensation for cage frequency is deemed unnecessary, and the servo
write proceeds without compensation for cage frequency 84. If Pr < P <
Py, a phase drift limitation Sy, is calculated, either by using equation (4) or

by looking up a table. A phase drift threshold St is chosen 86 so that

S =y ¢S, where v is a constant and —I—Sy <1.

—

The magnitude of expected feed forward input is updated with the
measurement for next servo write interval. Meanwhile, assuming that the
difference between the predicted phase drift and the phase drift calculated

from the measurement of the last written track is Sy, the phase drift in each

revolution due to the inaccuracy of fwois 81= % . The accuracy of the
1

. .. err .
calculated phase drift per revolution is — sectors. The accuracy is
1

improved because K:> K. The more accurate cage frequency is obtained,
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ﬁ.Nc
Ne+d0+61

servo write interval using Pi(nc, k) =sin(2nf.T; o (nc +int(k(5 0 +81))) . The

ie fa= . The phase drift can be cancelled during the second

second interval of servo write can be larger than the first interval because
the more accurate cage frequency has been calculated. If the second
interval of servo write is K= e K cage revolutions, the maximum phase

drift is still within B eerr. By iteration, if the interval j of servo write is

Ki=Pp eKj-1=p’ e K cage revolutions (5)
With the maximum phase drift still within p eerr,

Pi(ne, k) = sin(2nfeTs o (n. + int(k @ 26:)) and the calculated cage frequency

i=0

Jfi= _fc:i\’c_ Here 8i is the phase drift per revolution measured at
Ne+ 281
i=0
interval i.

As the frequency of the spindle cage frequency may vary slightly,
provision is made for the servo write interval to be adjusted. If the
predicted phase drift is greater than the phase drift calculated from the

measurement 88, that is, 5>Sy;, the next servo write interval should be

shorter than the previous interval 90, that is, Kj+1= % =Ki-1. If

87 < §j < Sy, the next servo write interval is set to be equal to the previous
interval 92, 94, that is, Kj+1=K;. If S < Sy, the next servo write interval is
expanded to Kj+1=p ¢ K; 96.

With such an adaptive adjustment of servo write interval, the servo
write process time is minimized and the compensation error is limited
within the track splice and track squeeze error threshold Er.

Alternatively, embodiments of the present invention may be

described as follows:
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The present invention provides for a servowriter system 10 having a
head 22 controllable by position commands 34 for writing servo
information to a disc 28 and for a method for writing servo information to
the disc. The‘method includes steps of: (a) obtaining a measured cage
frequency from a reference track 56; (b) predicting a cage frequency based
on the measured cage frequency 70; (c) adding the cage frequency obtained
in step (b) to the position commands to obtain compensated position
commands 70; and (d) during a servo write interval, writing servo
information to the disc using the compensated position commands 72.

The obtaining step (a) preferably includes steps of: (e) writing servo
information for the reference track on the disc 50; (f) reading back servo
information from the reference track during a measurement interval 52;
and (g) removing a repeatable runout component from the servo
information read back in step (f) to obtain the measured cage frequency 54.
According to one preferred embodiment, steps (a) to (d) are repeated 78,
and the measurement interval is set shorter when repeating step (f).

In an alternative embodiment, the obtaining step (a) includes steps
of: (e) writing servo information for the reference track on the disc 50; (f)
reading back servo information from the reference track for a measurement
interval 52; and (g) passing the servo information read back in step (f)
through a band pass filter having a center frequency equal to an initial
measured cage frequency that had been obtained earlier 54. Accordingto a
preferred embodiment, steps (a) to (d) are repeated 78, and the
measurement interval is set shorter when repeating step (f) but longer than
the band pass filter of step (g). l

In yet another embodiment, the obtaining step (a) includes steps of:
(e) writing servo information for the reference track on the disc 50; (f)
reading back servo information from the reference track for each cage

revolution in a measurement interval 52; and (g) calculating a weighted
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average of the servo information obtained in step (f) to obtain the
measured caée frequency 54.

In one aspect of the invention, the obtaining step (a) includes using a
first written track as the reference track. In another aspect of the invention,
the obtaining step (a) includes using a last written track written as the
reference track 76.

The predicting step (b) may include retrieving a sine waveform from
a memory device and using the sine waveform to generate the predicted
cage frequency 70.

The method may further include steps of: (h) defining a phase drift
threshold 78,86; and (i) obtaining a phase drift limit based on the
measured cage frequency and the phase drift threshold 64, 86. It may
involve steps of: (j) calculating an estimated phase drift per revolution of
the cage frequency from the measured cage frequency 66; (k) calculating
the accuracy of the estimated phase drift per revolution; and (1) choosing
an expansion coefficient that is equal to or less than the phase drift limit
divided by the accuracy of the estimated phase drift per revolution 68.

Preferably, the method includes steps of: (m) setting a new servo
write interval for a repeated writing step (d); and (n) repeating steps (a) to
(d) using the new servo write interval in the repeated step (d). This may
involve (o) calculating a measured phase drift from the servo information
read back in a previous step (f); (p) if the measured phase drift is greater
than the phase drift limit, setting the new servo write interval to be shorter
than the previous servo write interval 90; (q) if the measured phase drift is
not greater than the phase drift limit and not greater than the phase drift
threshold, setting the new servo write interval to be longer than the
previous servo write interval 96; and (r) if the measured phase drift is
greater than the phase drift threshold, setting the new servo write interval
to be same as the previous servo write interval 94. In one embodiment, the

new servo write interval is 1/ of the previous servo write interval 90,
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where B is the expansion coefficient obtained in step (I). In another, the
new servo write interval is B times as long as the previous servo write
interval 96.

The method preferably further involves steps of: (h) defining a track
closure and track squeeze error threshold 78, 86; and (i) obtaining a phase
drift limit based on the measured cage frequency and the track closure and
track squeeze error threshold 64, 86. The method may involve steps of (j)
calculating an estimated phase drift per revolution of the cage frequency
from the measured cage frequency 66; (k) calculating the accuracy of the
estimated phase drift per revolution; and (I) choosing an expansion
coefficient that is equal to or less than the phase drift limit divided by the
accuracy of the estimated phase drift per revolution 68. Preferably, in
repeating steps (a) to (d) 78, the servo write interval in the repeated step (d)
is set to be P times as long as the servo write interval in the first step (d)
performed, where B is the expansion coefficient obtained in step (1).

In another aspect, the method may further include steps of: (m)
calculating a measured phase drift of the cage frequency based on the servo
information read back in step (f); (n) if the measured phase drift is greater
than the phase drift limit, writing servo information for a shorter servo
write interval when the writing step (d) is repeated 90; (o) if the measured
phase drift is less than the phase drift limit, writing servo information for a
longer servo write interval when the writing step (d) is repeated 96.

It is to be understood that even though numerous characteristics and
advantages of various embodiments of the present invention have been set
forth in the foregoing description, together with details of the structure and
function of various embodiments of the invention, this disclosure is |
illustrative only, and changes may be made in detail while maintaining
substantially the same functionality without departing from the scope and

spirit of the present invention.
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Claims

1. A method for writing servo information to a disc rotatably mounted to a
spindle motor, the method comprising steps of:
(a) obtaining a measured cage frequency from a reference track:
(b) predicting a cage frequency based on the measured cage
frequency;
(c) deriving compensated position commands based on the predicted
cage frequency obtained in step (b); and
(d) during a servo write interval, writing servo information to the disc

using the compensated position commands.

2. A method of Claim 1 wherein the obtaining step (a) comprises steps of:
(e) writing servo information for the reference track on the disc;
(f) reading back servo information from the reference track during a
measurement interval; and
() removing a repeatable runout component from the servo
information read back in step (f) to obtain the measured cage

frequency.

3. A method of Claim 2 further comprising repeating steps (a) to (d),
wherein the measurement interval in the repeated step (f) is shorter than

the measurement interval in the first step (f) performed.

4. A method of Claim 1 wherein the obtaining step (a) comprises steps of:
(e) writing servo information for the reference track on the disc;
() reading back servo information from the reference track for a
measurement interval; and
(g) passing the servo information read back in step (f) through a band
pass filter having a center frequency equal to an initial measure

cage frequency that had been obtained earlier.
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5. A method of Claim 4 further comprising repeating steps (a) to (d),
wherein the measurement interval in the repeated step (f} is shorter than
the measurement interval in the first step (f) performed and longer than
the transient period of the band pass filter of step (g).

6. A method of Claim 1 wherein the obtaining step (a) comprises steps of:
(e) writing servo information for the reference track on the disc;
() reading back servo information from the reference track for each
cage revolution in a measurement interval; and
(g) calculating a weighted average of the servo information obtained

in step (f) to obtain the measured cage frequency.

7. A method of Claim 1 wherein the obtaining step (a) includes using a first

written track as the reference track.

8. A method of Claim 1 wherein the obtaining step (a) includes using a last

written track as the reference track.

9. A method of Claim 1 wherein the predicting step (b) includes retrieving a
sine waveform from a memory device and using the sine waveform to

generate the cage frequency.

10.A method of Claim 1 further comprising steps of:
(h) defining a phase drift threshold; and
() obtaining a phase drift limit based on the measured cage
frequency and the phase drift threshold.

11.A method of Claim 10 further comprising steps of:
() calculating an estimated phase drift per revolution of the cage
frequency from the measured cage frequency;
(k) calculating the accuracy of the estimated phase drift per

revolution; and
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() choosing an expansion coefficient that is equal to or less than the
phase drift limit divided by the accuracy of the estimated phase
drift per revolution.

12.A method of Claim 11 further comprising steps of:
(m) setting a new servo write interval for a repeated writing step (d);
and
(n) repeating steps (a) to (d) using the new servo write interval in the
repeated step (d).

13.A method of Claim 12 wherein the setting step (m) further comprises
steps of:

(0) calculating a measured phase drift from the servo information
read back in a previous step (f);

(p) if the measured phase drift is greater than the phase drift limit,
setting the new servo write interval to be shorter than the previous
servo write interval;

(@) if the measured phase drift is not greater than the phase drift limit
and not greater than the phase drift threshold, setting the new
servo write interval to be longer than the previous servo write
interval; and

(r) if the measured phase drift is greater than the phase drift
threshold, setting the new servo write interval to be the same as

the previous servo write interval.

14.A method of Claim 13 wherein the step (p) includes setting the new servo
write interval to be 1/f of the previous servo write interval, and wherein

B is the expansion coefficient obtained in step (1).

15.A method of Claim 13 wherein the step (g) includes setting the new servo
write interval to be P times as long as the previous servo write interval

and wherein § is the expansion coefficient obtained in step (1).
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16.An apparatus servo writer comprising:
at least one disc mounted for rotational motion;
at least one head, each head being configured to write to and read from a
5 disc; and

means for predicting and canceling cage frequency by the method of any
one of the above claims as the head writes servo patterns to the disc.
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