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METHOD AND APPARATUS FOR SELECTING EQUALIZATION
TARGETS

FIELD OF THE INVENTION

The present invention relates generally to signal equalization, and
more particularly but not by limitation to equalization targets for signals.

BACKGROUND OF THE INVENTION

In mass data storage devices, data stored on a magnetic or optical
medium are read by a head that moves relative to the medium. The
head generates an analog signal based on the stored data. Because of the
density of the data stored on the medium, the value of the read signal at
any point in time is the product of a number of stored data values, not
just the data value associated with the current time point. Thus, the
current value of the analog signal is a function of data values read from
the medium before, at and even after the current time point . This
function is known as the channel response of the data storage device.

In the prior art, the read signal was conditioned by an equalizer so
that the equalized read signal fits a desired function, known as a target.
Such functions are typically described using the delay operator D where
D is raised to a power to indicate the time point of a data value. Thus, D
indicates the preceding data value, D? indicates the second preceding
value, D3 indicates the third preceding value, and so forth. Examples of

prior art targets include the PR4 target defined as (1-D)(1+D), the EPR4
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target defined as (1-D)(1+2D+D?) and the E2PR4 target defined as (1-
D)(1+3D+3D2+D?).

In the past, equalization targets have generally been selected
based on their spectral properties and their correspondence to the
natural channel response of the storage device. Although these factors
provide some criteria for selecting from the unlimited number of
possible targets, they do not ensure that the target will provide the best
results. Thus, a better method is needed for identifying an equalization
target.

Embodiments of the present invention provide solutions to these

and other problems, and offer other advantages over the prior art.

SUMMARY OF THE INVENTION

A method is provided for identifying an equalization target for a
channel. The method includes measuring a goodness metric for at least
first and second candidate equalization targets and selecting the
candidate equalization target with the best measure of the goodness
metric as the equalization target for the channel.

Other features and benefits that characterize embodiments of the
present invention will be apparent upon reading the following detailed
description and review of the associated drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is an isometric view of a disc drive.

FIG. 2 is a block diagram of a channel in which embodiments of
the present invention may be practiced.

FIG. 3 is a flow diagram of a method for selecting a default

equalization target.
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FIG. 4 is a flow diagram of a method of identifying a head offset
to use when selecting an equalization target.

FIG. 5 is a flow diagram of a method of comparing equalization
targets to select one target over another.

FIG. 6 is a flow diagram of a method of altering an equalization
target to improve channel performance.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

FIG. 1 is an isometric view of a disc drive 100 in which
embodiments of the present invention are useful. Disc drive 100 includes a
housing with a base 102 and a top cover (not shown). Disc drive 100
further includes a disc pack 106, which is mounted on a spindle motor (not
shown) by a disc clamp 108. Disc pack 106 includes a plurality of
individual discs, which are mounted for co-rotation about central axis 109.
Each disc surface has an associated disc head slider 110 which is mounted
to disc drive 100 for communication with the disc surface. In the example
shown in FIG. 1, sliders 110 are supported by suspensions 112 which are in
turn attached to track accessing arms 114 of an actuator 116. The actuator
shown in FIG. 1 is of the type known as a rotary moving coil actuator and
includes a voice coil motor (VCM), shown generally at 118. Voice coil
motor 118 rotates actuator 116 with its attached heads 110 about a pivot
shaft 120 to position heads 110 over a desired data track along an arcuate
path 122 between a disc inner diameter 124 and a disc outer diameter 126.
Voice coil motor 118 is driven by servo electronics 130 based on signals
generated by heads 110 and a host computer (not shown).

FIG. 2 provides a block diagram of a read channel 200 in which

some embodiments of the present invention are practiced. Read channel
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200 receives an analog read signal 202 from a preamplifier, which
amplifies the signal from a read head (not shown). Analog read signal
202 is filtered by a continuous time filter 204 to remove noise. The
filtered read signal is then converted into a series of digital values by an
analog-to-digital (A/D) convertor 206.

The digital values produced by A/D convertor 206 are supplied to
a finite impulse response (FIR) filter 208, which modifies the values
based on FIR tap coefficients stored in a register 214. The coefficients in
register 214 are designed to shape the digital values toward an
equalization target stored in target registers 210. Thus, the continuous
time filter 204 and FIR filter 208 jointly accomplish the task of signal
equalization.

The equalized digital values produced by FIR filter 208 are
provided to a Viterbi Detector 216, which identifies data values from the
equalized digital values based on the equalization target in target
registers 210. The detected data values are provided to a post processor
218, which performs further parity error checking and correction to
produce a final channel output 220.

Under one embodiment, the channel used with the present
invention is the Marvell 88C5500 PRML read channel available from
Marvell Semiconductor, Inc. of Sunnyvale, California. In this channel,
the equalization target for the channel may be modified by changing the
values in target registers 210. In particular, this read channel allows
equalization targets of the form (1-D)(To + T1D + T2D? + TaD?3) to be set
by designating the values for equalization terms To, T1, T2, and Ta in

target registers 210. When these target terms are set, a target
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programmer 212 communicates the changes to Viterbi detector 216 and
FIR filter 208.
Embodiments of the present invention provide a method for
selecting an equalization target for a storage device. As shown in the
5  flow diagram of FIG. 3, the method begins at step 300 where the choice
of initial targets under consideration is constrained by requiring that the
target have a spectral null at the sampling frequency. For a target of the
form (1-D)(To + T1D + T2D? + T3D3) this constraint requires that:
To+T2a=Ti+Ts

10 Using this constraint, the target can be expressed in terms of a set

of search variables No, N1, and N3 at step 302 as:

(1-D)(1+D)(No + NiD + N2D?)

where: N
No=Ty,

15 N1=T1-Nop; and
N2=T> - N1 = Ta.

To further help constrain the initial search, the search variables
can be limited to having only certain values. In one particular
embodiment, Np is limited to having integer Valués between 3 and 5, Ny

20  is limited to having integer values between 0 and 3, and Nz is limited to
having values between 0 and Ni.

After the constraints for the search variables have been set, a head
or head/zone pair is selected at step 304. In this context, a zone is radial
zone along a disc storage medium where all tracks in a zone have a

25 common sampling frequency. Thus, the present invention allows a

separate target to be identified for each head or each head/zone pair.
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To determine which target provides better results for the storage
device, some goodness metric must be determined for each target. Many
embodiments of the present invention use the number of post-processor
parity errors generated during a read operation as the measure of the
goodness of a target where post-processor parity errors are errors that
indicate that certain algebraic properties of a data segment produced by
Viterbi detector 216 does not match the expected algebraic properties for
the segment. (For example, an odd number of ones is expected but an
even number of ones is received). Note that after being detected, most
such parity errors are corrected by post processor 218 using error
correction codes embedded within the data. Also note that post-
processor parity errors are only one example of possible goodness
metrics that can be used with the present invention. Other possible
goodness metrics include the data error rate which is computed by
comparing the final output data to the data originally stored on the
medium and a detected data error rate that is computed by comparing
the output of Viterbi detector 216 to an expected output that is based on
the data stored on the medium.

In order for parity error metric to be accurate and efficient, an
adequate number of parity errors must be generated during the read
operation. Under one embodiment of the present invention, this is
accomplished by moving the read head off track center to a point where
there are enough parity errors to make the target search efficient. The
determination of how far to move the head is shown as step 306 in FIG. 3

and is discussed in detail in the flow diagram of FIG. 4.
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In step 400 of FIG. 4, an initial target value is selected and at step
402 the offset value for the head is set to zero. At step 404, a read
operation is performed along the center of the track for a number of
revolutions, typically four, while the number of parity errors is collected
by a channel statistics measurement component 228. At step 406, the
number of parity errors is examined to determine if it is statistically
significant so as to make the method of identifying a target accurate and
efficient. In many embodiments, collecting two hundred parity errors
during the reading of seven thousand sectors is considered adequate for
the target identification method of the present invention.

[f there are not enough parity errors at step 306, the offset value
for the head is increased at step 410. The head is then offset at step 412
to one side of track center by the amount designated by the offset value
and a second read operation is performed to collect new parity error
data. The head is then offset at step 414 to the opposite side of track
center by the amount designated by the offset value and a third read
operation is performed to collect additional parity error data. The
numbers of parity errors from the two sides of track center are then
averaged together at step 416. This average value is examined at step
406 to determine if the number of parity errors is adequate. If there are
still too few parity errors, the offset value is increased again and steps
412, 414, and 416 are repeated. This cycle continues until the number of
parity errors is adequate at step 406. At that point, the offset value is
stored at step 408 so that it can be used when measuring the goodness

metric for each candidate target.
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Returning to FIG. 3, after the head offset has been determined at
step 306, the best target that meets the search variable limitations is
determined at step 308. The process of determining which target is best
is shown in detail in the flow diagram of FIG. 5.

In step 500 of FIG. 5, an initial target that meets the limitations
placed on the search variables is selected and is placed in target registers
210 of FIG. 2. At step 502, adaptation flag register 222 of FIG. 2 is set to
place FIR filter 208 into an adaptation mode. In the adaptation mode,
FIR filter 208 adjusts its tap coefficients in FIR coefficients register 214
until the FIR filter is able to equalize the data so that the equalization
result matches the target stored in target registers 210. Such self-
adapting FIR filters are well known in the art. In brief, they operate by
measuring an error between the target equalization and the actual |
equalization, which is detected using a feedback path 224 extending
from the oﬁtput of Viterbi detector 216 to FIR filter 208.

Once the coefficients for FIR filter 208 have settled on a set of
values, the adaptation flag is reset so that FIR filter 208 is no longer in
adaptation mode. Then, at step 504, a read operation is performed using
the stored head offset value identified in step 408 of FIG. 4. If the offset
value is zero, a single read operation is performed along the track center
and the number of parity errors detected during the read is recorded. If
the offset value is not zero, the offset value is used to set the position of
the head during two read operations. During one of the read operations,
the head is moved to one side of track center by a distance equal to the
offset value and during the other read operation the head is moved to

the other side of track center by a distance equal to the offset value. The
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number of parity errors identified during these two offset read
operations are averaged together.

At step 506, the number of parity errors determined during the
read operations of step 504 is compared to the number of parity errors
generated using the current best target. If no other targets have been
tested before the present target, the present target is considered the
current best target and this comparison is not performed. If the present
target has fewer parity errors than the current best target at step 508, the
present target is set as the new best target at step 510 and the next target
to be tested is selected at step 512. If the present target does not have
fewer parity errors than the current best target at step 508, the best target
remains the same and the next target for testing is selected at step 512.

Steps 502, 504, 506, 508, 510, and 512, are repeated until all of the
targets that meet the spectral null constraints of step 302 have been
tested. At that point, the current best target is selected as the starting
target for step 308.

After the starting target has been selected, the process of FIG. 3
continues at step 310 where the spectral null constraint is broken and the
individual terms, To, T1, T2, and T3,0f the starting target are adjusted to
identify a best target for the head or head/zone pair. In one particular
embodiment, this involves adjusting the terms in the following order: T3,
T2, T1, To, T1, T2 and Ta. Each adjustment involves first increasing the
term by 1 to see if the parity errors are reduced using the steps of FIG. 5.
If the parity errors are reduced, further increases by 1 are tested to see if
the target continues to improve. When an increase no longer results in

an improvement, the previous value for the term is used in the target
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and the next term is selected for adjustment. If the initial increase in the
term does not result in an improvement, the term is decreased by 1 to see
if that results in fewer parity errors. If reducing the term by 1 results in
fewer parity errors, further decreases by 1 are tested until the best value
for the term is determined.

After each term in the sequence T3, T2, T1, To, T1, T2, T3 has been
adjusted at step 310, the best target for the head or head/zone has been
identified. This value is stored, together with the tap coefficients of the
FIR filter for later use. '

At step 312, the method determines whether there are more heads
or head/zone pairs to be tested. If there are, the process returns to step
314, and the next head or head/zone pair ié selected. Steps 306, 308, and
310 are then repeated for the newly selected head or head/ zone pair.

After targets have been identified for all of the heads or
head/zone pairs at step 312, the process continues at step 316 where the
number of times each target was selected as the best target is counted.
The target that is found to have the highest count is then selected as the
target for the storage device.

Note that the process of FIG. 3 can be performed using only a
portion of the heads or head/zone pairs in a data storage device, all of
the heads or head/zone pairs in the device, or all of the heads or
head/ zone pairs found in multiple devices.

In one embodiment of the invention, the target identified in step
316 is used as a default target for a family of storage devices. In one
instance, the present inventor has found that this default target should

be (1-D)(4 + 6D + 2D2 + 1D3).
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Due to manufacturing variations, however, this default target
may not be ideal for an individual head or head/zone pair in a storage
device. As such, another aspect of the present invention provides a
method for further adjusting the default target to improve performance

5 for a particular head or head/zone within a storage device.

One method for adjusting the target of a head or head/zone is
shown in FIG. 6. At step 600 of FIG. 6, all of the terms of the default
target are adjusted at once to see if the target improves. Thus, all four
terms, To, T1, T2, T3, of the default target are first increased by 1 and the

10 new target is then tested using the steps of FIG. 5 to see if the new target
improves performance. If the increase improves performance, the terms
will continue to be increased until there are no further gains in
performance as measured by the number of parity errors. If the initial
increase in the target terms does not improve performance, all of the

15 terms are decreased by 1 to form a new target that is then tested using
the steps of FIG. 5. If the decrease results in improved performance, the
target terms are repeatedly decreased until there are no further
improvements in performance.

After step 600, the new target is further adjusted by adjusting

20  pairs of target terms. In one particular embodiment, term pairs in the’
sequence (T2, Ts), (T1, T2), (To, T1), (T1, T2), and (T2, Ts) are adjusted.
During the adjustment of each pair, both terms in the pair are first
increased by 1 to form a new target that is then tested using the steps of
FIG. 5 to determine if the new target performs better than the current

25 best target. If the increase improves performance, the terms in the pair

are again increased until the target no longer improves. The improved
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target then becomes the current best target. If the initial increase of the
terms in a pair does not improve performance, the terms in the pair are
decreased by 1 to see if decreasing the terms increases performance.

After each of the term pairs in the sequence (T2, Ta), (T4, T2), (To,

5 Th), (Th, T2), and (T2, T3) have been adjusted, the process of step 602 ends.
Note that other sequences of pairs are within the scope of the present
invention and that the sequence of pairs identified above is only one
example of sequences contemplated by the present inventor.

After step 602, individual terms in the target are adjusted in step

10 604. Under one embodiment, the individual term adjustments are
similar to those described above for step 310 of FIG. 3.

After step 604, the target has been improved for the selected head
or head/zone pair. The process of FIG. 6 can then be repeated for other
heads or other head/zone pairs as needed.

15 In summary, a method of identifying an equalization target for a
channel (such as 200) is provided. The method includes measuring a
goodness metric (such as in step 504) for a first candidate target by
reading data through the channel. A goodness metric is then measured
(such as in step 504) for a second candidate target. The goodness metric

20 for the first candidate target is compared to the goodness metric for the
second candidate target (such as in step 506) and the candidate target
with the better measure of the goodness metric is selected as the
equalization target for the channel.

In other embodiments, a data storage device (such as 100) is

25 provided for reading data from a medium (such as 106). The data

storage device includes a read head (such as 110) for generating an
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electrical signal based on data stored on the medium. The storage device

also includes a read channel (such as 200) coupled to the read head for

equalizing the electrical signal based on an equalization target of (1-D)(4

+ 6D + 2D2 + D3) to produce an equalized signal and for detecting data in
5 the equalized signal.

A further method is provided for forming an equalization target
for a channel (such as 200). The method includes searching through a
plurality of equalization targets that satisfy a spectral null constraint
(such as in step 308) to locate an equalization target that provides a best

10 goodness measure. The located equalization target is then adjusted
(such as in steps 310, 600, 602, and/or 604) so that it no longer satisfies
the spectral null constraint.

In an additional method of the present invention an equalization
target is selected by selecting a spectral null constraint and performing a

15 step for selecting the equalization target by at least initially using the
spectral null constraint.

It is to be understood that even though numerous characteristics
and advantages of various embodiments of the invention have been set
forth in the foregoing description, together with details of the structure

20  and function of various embodiments of the invention, this disclosure is
illustrative only, and changes may be made in detail, especially in
matters of structure and arrangement of parts within the principles of
the present invention to the full extent indicated by the broad general

.meaning of the terms in which the appended claims are expressed. For
25 example, the particular elements may vary depending on the particular

application for the channel while maintaining substantially the same
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functionality without departing from the scope and spirit of the present
invention. In addition, although the preferred embodiment described
herein is directed to a channel for data storage device, it will be
appreciated by those skilled in the art that the teachings of the present
invention can be applied to other signal devices that have channels and
equalization targets, without departing from the scope and spirit of the
present invention. In addition, although a first candidate target and a
second candidate target have been referred to, it is clear from the
description above that the system is capable of ranking any number of

candidate targets when attempting to identify an equalization target.
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WHATIS CLAIMED IS:

1. A method of identifying an equalization target for a channel, the
method comprising:
measuring a goodness metric for a first candidate target by
reading data through the channel;
measuring the goodness metric for a second candidate target by
reading data through the channel; and
compéring the measure of the goodness metric of the first
candidate target to the measure of the goodness metric of
the second candidate target and selecting the target with
the better measure of the goodness metric as the

equalization target for the channel.

2. The method of claim 1T wherein measuring the goodness metric for
the first candidate target comprises:
setting the first candidate target in the channel;
placing an equalizer in the channel into adaptation mode until the
equalizer adapts itself to produce equalized data that
approaches the first candidate target;
taking the equalizer out of adaptation mode;
using the equalizer to form equalized data; and
measuring the goodness metric based in part on the equalized |

data.
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3. The method of claim 2 wherein measuring the goodness metric
based in part on the equalized data comprises:
performing post-processing on the equalized data to form post-
processing data; and
measuring the number of parity errors in the post-processing

data.

4. The method of claim 1 further comprising modifying the
equalization target for the channel to improve the measure of the

goodness metric.

5. The method of claim 1 wherein the first candidate target and the

second candidate target are constrained to have a spectral null.

6. The method of claim 5 further comprising modifying the
equalization target for the channel to improve the measure of the

goodness metric.

7. The method of claim 6 wherein modifying the equalization target
for the channel comprises changing the equalization target to form a new

target that does not have the spectral null.

8. The method of claim 7 wherein modifying the equalization target
for the channel comprises sequentially adjusting single terms in the

equalization target for the channel.
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9. The method of claim 7 wherein modifying the equalization target
for the channel comprises increasing all of the terms in the equalization

target for the channel at the same time.

10.  The method of claim 9 wherein modifying the equalization target
for the channel comprises sequentially changing pairs of terms in the

equalization target.

11.  The method of claim 1 wherein identifying an equalization target
for the channel further comprises:
separately identifying an equalization target for each of a set of
heads;
counting the number of times each equalization target was
identified; and
selecting the equalization target that was identified for the most

heads as the equalization target for the channel.

12, The method of claim 1 wherein identifying an equalization target
further comprises:
separately identifying an equalization target for each of a set of
head/zone pairs;
counting the number of times each equalization target was
identified; and
selecting the equalization target that was identified for the most

head/ zone pairs as the equalization target for the channel.
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13. The method of claim 1 wherein the identified equalization target

for the channel is of the form (1-D)(4 + 6D + 2D2 + D3).

14. A data storage device for reading data from a medium, the data
storage device comprising:
aread head for generating an electrical signal based on data
stored on the medium;
a read channel coupled to the read head for equalizing the
electrical signal based on an equalization target of (1-D)(4 +
6D + 2D2 + D?) to produce an equalized signal and for

detecting data in the equalized signal.

15. A method of forming an equalization target for a channel, the
method comprising:
searching through a plurality of candidate equalization targets
that satisfy a spectral null constraint to locate an initial
equalization target that provides a best goodness measure;
and
adjusting the initial equalization target so that it no longer

satisfies the spectral null constraint.

16.  The method of claim 15 wherein adjusting the initial equalization
target comprises adjusting the initial equalization target so that the

goodness measure is improved.
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17. The method of claim 16 wherein adjusting the initial equalization

target comprises sequentially adjusting a set of terms in the initial

equalization target.

18. The method of claim 15 wherein locating an initial equalization
target that provides a best goodness measure comprises locating an
equalization target that generates the fewest parity errors in the data

produced by the channel.

19.  The method of claim 18 wherein locating an equalization target
that generates the fewest parity errors comprises determining the
number of parity errors produced by the channel using a candidate
equalization target using steps comprising:
reading data within a track on a medium while the head is offset
to one side of track center and determining a first number
of parity errors produced by the channel;
reading data within the track on the medium while the head is
offset to the other side of track center and determining a
second number of parity errors produced by the channel;
and
taking into account the first number of parity errors and the
second number of parity errors to identify the number of
parity errors associated with the candidate equalization

target.
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20.  The method of claim 15 wherein forming an equalization target
for a channel further comprises:
for each head in a storage device, separately forming an
equalization target;
counting the number of times each equalization target is formed;
and
selecting the target that is formed for the most heads as the

equalization target for the channel.

21.  The method of claim 15 wherein forming an equalization target
for a channel further comprises:
for each head/zone pair in a storage device, separately forming an
equalization target;
counting the number of times each equalization target is formed,;
and
selecting the target that is formed for the most head/zone pairs as

the equalization target for the channel.

22. A method for selecting an equalization target, the method
comprising:

selecting a spectral null constraint; and

a step for selecting the equalization target by at least initially

using the spectral null constraint.
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23, The method of claim 22 wherein the step for selecting the
equalization target comprises selecting an initial equalization target from

a plurality of equalization targets that satisfy the spectral null constraint.

24.  The method of claim 23 wherein the step for selecting the
equalization target further comprises adjusting the initial equalization

target so that it no longer satisfies the spectral null constraint.

25. The method of claim 23 wherein adjusting the initial equalization
target comprises sequentially altering individual terms in the initial

equalization target.
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