2015/047730 A1 I 0000 0T OO0 Y R0 0

<

W

(43) International Publication Date
2 April 2015 (02.04.2015) WIPOIPCT

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2015/047730 A1

(51

eay)

(22)

(25)
(26)
(30)

1

(72)
1

74

International Patent Classification: (81)
G11B 5/596 (2006.01) G11B 5/55 (2006.01)
G11B 5/48 (2006.01)

International Application Number:
PCT/US2014/054964

International Filing Date:
10 September 2014 (10.09.2014)

Filing Language: English
Publication Language: English
Priority Data: (84)
61/884,536 30 September 2013 (30.09.2013) US
14/482,124 10 September 2014 (10.09.2014) US

Applicant: MARVELL. WORLD TRADE LTD.
[BB/BB]; L'horizon, Gunsite Road, Brittons Hill, St.mi-
chael, BB14027 (BB).

Inventors; and
Applicants (for US only): OBERG, Mats [SE/US]; 1164

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Delmas Avenue, San Jose, CA 95125 (US). ZOU, Qiyue Published:

[CN/US]; 2064 Sheffield Drive, San Jose, CA 95131 (US).
BURD, Gregory [US/US]; 1452 Montelegre Drive, San
Jose, CA 95120 (US). —

Agents: INGERMAN, Jeftfrey H. et al.; Ropes & Gray
LLP, 1211 Avenue Of The Americas, New York, NY
10036 (US).

with international search report (Art. 21(3))

before the expiration of the time limit for amending the
claims and to be republished in the event of receipt of
amendments (Rule 48.2(h))

(54) Title: METHOD AND APPARATUS FOR DETERMINING POSITION OF MULTIPLE DRIVE HEADS

o

343~
- C P%S PES
FIG. 3 PES E[X] ampiner
Detector 1 (EAX]+EA[X])/2
(EAlYI+EA[Y])2
342~ 333
. PES EfY] Latch/
Detector 2 Buffer
301{ Track N-1
324
302{ Track N L H — 321 B :
1 H — \\\ \\ o -
303{Track N+#q 3117 L 2 N A 322
C
&

304{ Track N+2

(57) Abstract: Determining the radial position of a first read head of a storage device includes reading servo data from a storage me -
dia platter surface using the first read head, deriving from that servo data a first position error signal representing a first estimate of
the radial position of the first read head, reading the servo data from the storage media platter surface using a different read head, de-
riving from that servo data a second position error signal representing an estimate of the radial position of the different read head,
and combining the first estimate of the radial position of the first read head and the estimate of the radial position of the different
read head to obtain a revised estimate of the radial position of the first read head. The combining could include taking account of a
known positional offset between the first read head and the different read head.
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METHOD AND APPARATUS FOR DETERMINING
POSITION OF MULTIPLE DRIVE HEADS

Field of Use

[0001] This disclosure relates to data storage systems
of the type in which read and write heads move over the
surface of a storage medium. More particularly, this
disclosure relates to determining the position of two

read heads that are used with a single disk surface.

Background

[0002] The background description provided herein is
for the purpose of generally presenting the context of
the disclosure. Work of the inventors hereof, to the
extent the work is described in this background section,
as well as aspects of the description that may not
otherwise qualify as prior art at the time of filing, are
neither expressly nor impliedly admitted to be prior art
against the present disclosure.

[0003] In magnetic recording, as one example, reading
and writing are performed by one or more heads that move
relative to the surface of a storage medium. Many
magnetic disk drives, for example, include a plurality of
individual disks, or "platters," which may be two-

sided -- i.e., each platter can store data on each of its
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_2_
two sides. Therefore, such a disk drive would have at
least two heads for each platter. Indeed, for each

platter, there is normally at least one write head and at
least one separate read head, so that such a disk drive
normally has at least four heads per platter.

[0004] In a common configuration, all of the heads in
a given disk drive are mounted on arms attached to a
common actuator that controls the radial position of the
heads (an angular, tangential or circumferential
component of motion is provided by the rotation of the
platters relative to the heads). This is true whether
there is one or many platters, and one or multiple heads
per platter.

[0005] In order to control the radial position
selected by the actuator, each surface of each platter

has distributed upon it positional information referred

to as "servo" data. The servo data are commonly
distributed in spaced-apart servo "wedges" (generally
spaced equiangularly) on the platter surface. By reading

the servo data as each servo wedge passes under the read
head, the disk drive controller can determine the precise
radial (and angular) position of the head and can feed
back that determination to control the position of the
read head or the write head, depending on the required
operation.

[0006] As areal densities for magnetic data storage
continue to increase, with tracks written in an
overlapping or "shingled" fashion, one technique that is
under consideration is using two or more read sensors on
each head assembly instead of one sensor as is currently
used. This is sometimes referred to as "two-dimensional
magnetic recording" (TDMR). But as track densities

increase, and track pitch decreases, it becomes more
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difficult for disk drive servo control loop to keep the

drive heads on track.

Summary

[0007] According to one implementation, a method of
determining radial position of a first read head of a
storage device, where the first read head is one of at
least two read heads carried by a common actuator
relative to a storage media platter surface of the
storage device, there being a known positional offset
between the first read head and each other one of the at
least two read heads, includes reading servo data from
the storage media platter surface using the first read
head, deriving, from the servo data read from the storage
media platter surface using the first read head, a first
position error signal representing a first estimate of
the radial position of the first read head, reading the
servo data from the storage media platter surface using a
different one of the at least two read heads, deriving,
from the servo data read from the storage media platter
surface using the different one of the at least two read
heads, a second position error signal representing an
estimate of the radial position of the different one of
the at least two read heads, and combining the first
estimate of the radial position of the first read head
and the estimate of the radial position of the different
one of the at least two read heads to obtain a revised
estimate of the radial position of the first read head.
[0008] In a variant of that implementation, the
combining includes taking account of the known positional
offset between the first read head and the different one
of the at least two read heads.

[0009] Another variant of that implementation also
includes temporally aligning the first position error

signal and the second position error signal.
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[0010] According to another implementation, apparatus
that determines radial position of a first read head of a
storage device, where the first read head is one of at
least two read heads carried by a common actuator
relative to a storage media platter surface of the
storage device, there being a known positional offset
between the first read head and each other one of the at
least two read heads, includes a first position error
detector that derives, from the servo data read from the
storage media platter surface using the first read head,
a first position error signal representing a first
estimate of the radial position of the first read head, a
second position error detector that derives, from the
servo data read from the storage media platter surface
using the different one of the at least two read heads, a
second position error signal representing an estimate of
the radial position of the different one of the at least
two read heads, and a position error signal combiner that
combines the first estimate of the radial position of the
first read head and the estimate of the radial position
of the different one of the at least two read heads to
obtain a revised estimate of the radial position of the
first read head.

[0011] In a variant of that implementation, an input
to the position error signal combiner is the known
positional offset between the first read head and the
different one of the at least two read heads.

[0012] Another variant of that implementation also
includes circuitry to temporally align the first position

error signal and the second position error signal.

Brief Description of the Drawings

[0013] Further features of the disclosure, its nature
and various advantages, will be apparent upon

consideration of the following detailed description,
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taken in conjunction with the accompanying drawings, in
which like reference characters refer to like parts
throughout, and in which:

[0014] FIG. 1 is a side elevational view of a portion
of a disk drive with which the present disclosure may be
used;

[0015] FIG. 2 is a plan view of the disk drive portion
of FIG. 1, taken from line 2-2 of FIG. 1;

[0016] FIG. 3 is a schematic representation of an
implementation of apparatus according to this disclosure;
[0017] FIG. 4 i1s a schematic representation of a
controller for the drive of FIGS. 1 and 2;

[0018] FIG. 5 is a schematic representation of an
alternate implementation of apparatus according to this
disclosure; and

[0019] FIG. 6 is a flow diagram of an implementation

of a method according to this disclosure.

Detailed Description

[0020] As noted above, in two-dimensional magnetic
recording, there may be two (or more) read heads or
sensors per disk surface. And in such a form of
recording, with very high track densities, it can be
expected that the head width will exceed the track width.
Thus, each read sensor may pick up at least portions of
two or more adjacent tracks. This can be used for
improved head position "servo" control.

[0021] Because each read sensor may pick up at least
portions of two or more adjacent tracks, that means that
for each track, there will be at least two servo
channels. Fach servo channel provides a position error
signal (PES) for its respective head or sensor. However,
there is a known relationship, or offset, between the
positions of the different sensors on the head assembly.

Therefore, the position error signals for the different
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sensors can be combined to obtain an improved PES for
each sensor, as described below.

[0022] FIGS. 1 and 2 show an example of a disk

drive 100 with which the present disclosure may be used.
In this particular example, disk drive 100 has three
platters 101, 102, 103, although any number of platters
may be included in a disk drive with which the present
disclosure may be used. As shown, each platter 101, 102,
103 has, on each of its upper and lower surfaces 111,
112, a coating 110 made from a material in which data can
be stored, e.g., magnetically. The present disclosure
also i1s relevant to a disk drive in which one or more
platters includes coating 110 on only one of its
surfaces, but such a disk drive would store less data in
the same volume than a disk drive with two-sided
platters. The platters 101-103 are mounted on a
rotatable spindle 104. Motor 105 rotates spindle 104 to
rotate platters 101-103 in the direction of arrow A
(FIG. 2). Although motor 105 is shown connected directly
to spindle 104, in some cases motor 105 may be located
off-axis of spindle 104 and would be connected to
spindle 104 through belts or gears (not shown).

[0023] Read/write head assembly 120 includes an
actuator 121 that bears arms 122-125, one of which is
disposed adjacent to each surface 111, 112 of a

platter 101, 102, 103 that has a memory storage

coating 110. In this example, with heads on both
surfaces of each of arms 123, 124, that amounts to four
arms 122-125, but in the single-sided platter example
discussed above, there would be only three arms. In
other examples, the number of arms would increase or
decrease along with the number of platters.

[0024] Each arm 122-125 bears, at or near its end

furthest from actuator 121, and on both its upper and
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lower surfaces in the case of arms 123, 124, a plurality
of read heads/sensors and write heads. In this case, two
sensors 131, 132 are shown, and will be used to represent
read sensors, although it would normally at least be
expected that each set of one or more read sensors has a
companion write head (not shown). In the configuration
shown in FIGS. 1 and 2, arms 122-125 are aligned along a
radius of platters 101-103, bringing heads 131, 132 as
close as they can get to spindle 104. It should be noted
that FIGS. 1 and 2 are schematic only and not to scale.
Normally, the spindle diameter would be larger by
comparison to the disk diameter. Moreover, arms 122-125
normally cannot point directly at the center of the disk.
[0025] A motor 126, commonly referred to as a "voice-
colil motor," rotates actuator 121 back and forth along
the directions of arrow B (FIG. 2) to move the heads 131,
132 along the path indicated by dashed arrow 201. The
motion of actuator 121 thus changes both the radial and
circumferential positions of heads 131, 132, but the
circumferential positional change 1is relatively
unimportant insofar as the platters are rotating. The
motion of actuator 121 thus is used to control the radial
position of heads 131, 132.

[0026] The location on surface 111 of platter 101 (the
other surfaces are similar) of the aforementioned wedges
is shown in FIG. 2. Each servo wedge 200 includes data
identifying it by wedge index, track index, or sector
number (to give an angular, tangential or circumferential
position) and by data representing, at each point along a
radius of the platter, the distance from spindle 104.
[0027] Each of read heads 131, 132 is connected to a
read channel 401 of a hard drive controller 400 (there is
a corresponding write channel 402) (FIG. 4). Hard drive

controller 400 also includes a processor 410 and
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memory 411, as well as a connection 412 to a host
processor (not shown). Memory 411 may be used as
discussed above to store the PES data that indicates the
track position offsets. A servo control loop in hard
drive controller 400 uses the PES data to keep the

heads 131, 132 on track.

[0028] Conventionally, there is one PES signal
corresponding to each head. As noted above, as track
densities become higher and track pitch becomes smaller,
it becomes more difficult for disk drive servo control
loop to keep the drive heads 131, 132 on track. However,
implementations of this disclosure improve servo control
by providing more accurate servo data, as shown in
connection with FIG. 3.

[0029] FIG. 3 schematically shows four

tracks N-1 (301), N (302), N+1 (303) and N+2 (304).
Although drawn as being straight, in reality,

tracks 301-304 would typically be curved. Two read heads
or sensors H1 (311) and H2 (312) may be mounted on a
common actuator. As shown, heads 311, 312 are positioned
over tracks N (302) and N+1 (303) (although they could be
positioned over any two adjacent tracks). Servo wedges
or bursts A (321), B (322), C (323) and D (324) are
provided to allow head position detection and servo
control.

[0030] Each servo wedge or burst 321-24 provides an
estimate for each of the two sensors 311, 312 that passes
over it. However, two sensors 311, 312 are mounted on a
common actuator, so the offset between the relative
positions of the two sensors 311, 312 is known.
Therefore, the servo data from the two sensors 311, 312
can be used to provide improved position estimates for

each sensor 311, 312.
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[0031] For example, if the position of sensor H1 (311)
is designated "X", the position of sensor H2 (312) is
designated "Y", and the radial offset between the two
sensors 311, 312 is designated "Z2", than X-Z=Y (assuming
that sensor H1 (311) is the sensor further from the
center of the disk). Thus, as sensor H2 (312) passes
over burst A (sensor H2 (312) will get to wedge A first
as the disk rotates), PES Detector 2 (342) will generate
an estimate of position Y of sensor H2 (312), which
estimate may be designated Ea[Y]. Shortly thereafter, as
sensor H1 (311) passes over burst A, PES Detector 1 (341)
will generate an estimate of position X of

sensor H1 (311), which estimate may be designated Ep[X].
The same would occur with respect to wedges B, C and D,
to generate estimates Eg[X], ElY], Ecl[X], Ecl[Y], Ep[X] and
EplY].

[0032] PES combiner 343 can use those two estimates to
obtain an improved estimate of the position of either
sensor 311, 312. For example, if the position of

sensor H1 (311) is the position of interest, as noted
above, X-72=Y, or X=Y+7Z. Therefore, PES combiner 343 can
use Eap[Y]+Z as an alternate estimate Eap'[X] of the
position of sensor H1 (311). The two estimates Ea[X] and
Ea'[X] can be combined in a predetermined way to yield an
improved estimate of X. For example, a simple average
may be used, so that X=(Eap[X]+Ex'[X])/2. A more
complicated combination, which takes into account, for
example, the degree to which the sensor of interest
overlaps the track to which the servo burst belongs
and/or the quality of each sensor, may also be used.
[0033] It will be appreciated that if sensor H2 (312)
is the sensor of interest, then PES combiner 343 can use
Fa[X]-Z as an alternate estimate Ep'[Y] of the position of
sensor H2 (312), to derive Y=(Epl[Y]+Eap'[Y])/2 (or a more
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complicated combination). It will also be appreciated
that for either sensor H1, H2 (311, 312), estimated
positions can be similarly derived from each of servo
bursts B, C, D.

[0034] The radial offset Z actually is not a constant.
Instead, it varies as the actuator angle varies.
Therefore, the actuator angle o also is input to PES
combiner 343 so that PES combiner 343 can compute 7Z (o).
[0035] As noted above, sensor H2 (312) will get to a
particular servo burst before sensor H1 (311) as a result
of the rotation of the disk. Therefore, ideally, for the
estimate of the position of one sensor to be most
meaningful as an estimate of the position of the other
sensor, the time difference required for sensor H1 (311)
to reach the particular servo burst after sensor H2 (312)
had already reached that particular servo burst, must be
taken into account. Otherwise, when PES combiner 343 is
combining the output of PES detectors 341, 342, the
contribution from PES detector 342 may already reflect
the next servo PES burst.

[0036] Therefore, a latch or buffer 333 may be
provided to store the output of PES detector 342 until
PES detector 341 reflects the output of sensor H1 (311)
from the correct servo PES burst. Latch or buffer 333
may actually represent multiple latches or buffers,
because i1if the various wedges A, B, C, D are close enough
together, sensor H2 (312) may pass more than one
additional burst before sensor H1 (311) reaches the first
PES burst.

[0037] Alternatively, in a system in which the PES
bursts A, B, C, D are far enough apart, latch or

buffer 333 may be replaced by a delay 533 (FIG. 5). 1In
such a system, delay 533 may be variable, because the

tangential distance between sensors H1, H2 (311, 312)
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varies as the actuator angle varies, just as 7Z varies.
Therefore, actuator angle o may be used to control
variable delay 533.

[0038] Implementations of this disclosure thereby use
the same narrow track width and/or high track density
that give rise to the need for better head servo control
to provide that better control by relying on the fact
that each head may detect servo wedge data so that
multiple estimates may be derived for each track and then
combined.

[0039] One example of a method 600 according to such
an implementation is diagrammed in FIG. 6. Method 600 is
a method for determining the radial position of a first
read head of a storage device. At 601, servo data from
the storage media platter surface are read using the
first read head. At 602, a first position error signal
representing a first estimate of the radial position of
the first read head is derived from the servo data read
from the storage media platter surface using the first
read head. At 603, servo data from the storage media
platter surface are read using a different one of the at
least two read heads. At 604, a second position error
signal representing an estimate of the radial position of
the different one of the at least two read heads is
derived from the servo data read from the storage media
platter surface using the different one of the at least
two read heads.

[0040] At 605, the estimate of the radial position of
the first read head and the estimate of the radial
position of the different one of the at least two read
heads are combined to obtain a revised estimate of the
radial position of the first read head. As previously
noted, the combining takes account of the known

positional offset between the first read head and the
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different one of the at least two read heads. The known
positional offset varies as a function of actuator
rotation angle, and taking account of the known
positional offset may include deriving a radial offset
component from the known positional offset and the
actuator rotation angle.

[0041] The combining may include using the estimate of
the radial position of the different one of the at least
two read heads and the known positional offset between
the first read head and the different one of the at least
two read heads to obtain a second estimate of the radial
position of the first read head, and using the first and
second estimates of the radial position of the first read
head to obtain the revised estimate of the radial
position of the first read head. This could be done by
adding or subtracting, as may be appropriate, the radial
position of the different one of the at least two read
heads and the known positional offset between the first
read head and the different one of the at least two read
heads to obtain a second estimate of the radial position
of the first read head, and then averaging the first and
second estimates of the radial position of the first read
head.

[0042] Method 600 also may optionally include, at 614,
temporally aligning the first position error signal and
the second position error signal. Temporal alignment may
be performed by storing whichever of the first position
error signal and the second position error signal is
available earlier until whichever of the first position
error signal and the second position error signal is
available later becomes available, or by delaying
whichever of the first position error signal and the
second position error signal is available earlier until

whichever of the first position error signal and the
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second position error signal is available later becomes
available. The delay may be derived by determining a
circumferential offset from the known positional offset
and the actuator rotation angle and calculating how long
it takes for the disk rotation to cover that
circumferential offset.

[0043] It will be understood that the foregoing is
only illustrative of the principles of the invention, and
that the invention can be practiced by other than the
described embodiments, which are presented for purposes
of 1llustration and not of limitation, and the present

invention is limited only by the claims which follow.
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WHAT IS CLAIMED IS:

1. A method of determining radial position of

a first read head of a storage device, where the first
read head is one of at least two read heads carried by a
common actuator relative to a storage media platter
surface of the storage device, there being a known
positional offset between the first read head and each
other one of the at least two read heads, the method
comprising:

reading servo data from the storage media
platter surface using the first read head;

deriving, from the servo data read from
the storage media platter surface using the first read
head, a first position error signal representing a first
estimate of the radial position of the first read head;

reading the servo data from the storage
media platter surface using a different one of the at
least two read heads;

deriving, from the servo data read from
the storage media platter surface using the different one
of the at least two read heads, a second position error
signal representing an estimate of the radial position of
the different one of the at least two read heads; and

combining the first estimate of the radial
position of the first read head and the estimate of the
radial position of the different one of the at least two
read heads to obtain a revised estimate of the radial

position of the first read head.

2. The method of claim 1 wherein the
combining comprises taking account of the known
positional offset between the first read head and the

different one of the at least two read heads.
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3. The method of claim 2 wherein:
the known positional offset varies as a
function of actuator rotation angle; and
the taking account comprises deriving a
radial offset component from the known positional offset

and the actuator rotation angle.

4. The method of claim 2 wherein the

combining comprises:

using the estimate of the radial position
of the different one of the at least two read heads and
the known positional offset between the first read head
and the different one of the at least two read heads to
obtain a second estimate of the radial position of the
first read head; and

using the first and second estimates of
the radial position of the first read head to obtain the
revised estimate of the radial position of the first read
head.

5. The method of claim 4 wherein using the
estimate of the radial position of the different one of
the at least two read heads and the known positional
offset between the first read head and the different one
of the at least two read heads to obtain a second
estimate of the radial position of the first read head
comprises adding/subtracting the radial position of the
different one of the at least two read heads and the
known positional offset between the first read head and
the different one of the at least two read heads to
obtain a second estimate of the radial position of the

first read head.

6. The method of claim 4 wherein using the

first and second estimates of the radial position of the
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first read head to obtain the revised estimate of the
radial position of the first read head comprises
averaging the first and second estimates of the radial

position of the first read head.

7. The method of claim 1 further comprising
temporally aligning the first position error signal and

the second position error signal.

8. The method of claim 7 wherein temporally
aligning the first position error signal and the second
position error signal comprises storing whichever of the
first position error signal and the second position error
signal is available earlier until whichever of the first
position error signal and the second position error

signal is available later becomes available.

9. The method of claim 7 wherein temporally
aligning the first position error signal and the second
position error signal comprises delaying whichever of the
first position error signal and the second position error
signal is available earlier until whichever of the first
position error signal and the second position error

signal is available later becomes available.

10. The method of claim 9 wherein:
the known positional offset varies as a
function of actuator rotation angle; and
the delaying 1is derived by determining a
circumferential offset from the known positional offset

and the actuator rotation angle.

11. Apparatus that determines radial position
of a first read head of a storage device, where the first
read head is one of at least two read heads carried by a

common actuator relative to a storage media platter
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surface of the storage device, there being a known
positional offset between the first read head and each
other one of the at least two read heads, the apparatus
comprising:

a first position error detector that
derives, from the servo data read from the storage media
platter surface using the first read head, a first
position error signal representing a first estimate of
the radial position of the first read head;

a second position error detector that
derives, from the servo data read from the storage media
platter surface using the different one of the at least
two read heads, a second position error signal
representing an estimate of the radial position of the
different one of the at least two read heads; and

a position error signal combiner that
combines the first estimate of the radial position of the
first read head and the estimate of the radial position
of the different one of the at least two read heads to
obtain a revised estimate of the radial position of the

first read head.

12. The apparatus of claim 11 wherein an input
to the position error signal combiner is the known
positional offset between the first read head and the

different one of the at least two read heads.

13. The apparatus of claim 12 wherein:
the known positional offset varies as a
function of actuator rotation angle; and
the position error signal combiner derives
a radial offset component from the known positional

offset and the actuator rotation angle.
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14. The apparatus of claim 12 wherein the

position error signal combiner:

uses the estimate of the radial position
of the different one of the at least two read heads and
the known positional offset between the first read head
and the different one of the at least two read heads to
obtain a second estimate of the radial position of the
first read head; and

uses the first and second estimates of the
radial position of the first read head to obtain the
revised estimate of the radial position of the first read
head.

15. The apparatus of claim 14 wherein the
position error signal combiner comprises
addition/subtraction circuitry to add/subtract the radial
position of the different one of the at least two read
heads and the known positional offset between the first
read head and the different one of the at least two read
heads to obtain a second estimate of the radial position
of the first read head.

16. The apparatus of claim 14 wherein the
position error signal combiner comprises addition
circuitry and divide-by-two circuitry to average the
first and second estimates of the radial position of the

first read head.

17. The apparatus of claim 11 further
comprising circuitry to temporally align the first
position error signal and the second position error

signal.

18. The apparatus of claim 17 wherein the

circuitry to temporally align the first position error
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signal and the second position error signal comprises a
buffer that stores whichever of the first position error
signal and the second position error signal is available
earlier until whichever of the first position error

signal and the second position error signal is available

later becomes available.

19. The apparatus of claim 17 wherein the
circuitry to temporally align the first position error
signal and the second position error signal comprises

delay circuitry.

20. The apparatus of claim 19 wherein:
the actuator has a variable rotation angle
which determines a variable circumferential component of
the known positional offset; and
the delay circuitry is adjustable as a
function of the variable rotation angle to account for
delay resulting from the circumferential component of

the known positional offset.
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