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Control of the variations of island properties is one of the key challenges in fabricating Bit-Patterned Media for future storage systems.
The presence on any variation in the size and position of an island has a detrimental effect on the ability to recover recorded data,
particularly in the case of variation in island size. By analyzing error events when island size variations are present we have identified
that these are more likely to be single-bit in nature. To understand the origins of these error events we have investigated the size and
magnetization state of islands in the vicinity where a single-bit error event is encountered. It is shown that these error events occur due
to particular combinations of island size and magnetization state for the three islands investigated. In every case the central island, from
which the data bit is recovered in error, is small compared to the nominal island size. These results show that size variations must be
controlled in the fabrication process in order to maximize the bit-error-rate performance of the read channel.

Index Terms—Bit patterned media, error events, magnetic recording, position variations, read channel, size variations.

1. INTRODUCTION

HE INCREASING demand for higher storage capacities
T in magnetic disc drives requires a storage density in ex-
cess of 1 Tb/in?. It is generally recognised that bit-patterned
media (BPM) using perpendicular recording may be a future
solution that will permit ultrahigh areal densities in excess of
1 Tbit/in? [1], [2]. In BPM, each information bit is recorded
to a patterned, isolated, single-domain magnetic island. One of
the problems associated with the fabrication of island arrays for
BPM is the variability of island position and island size, both
of which have a detrimental effect on the writing and reading of
information [3]-[5]. Since variations of island geometry due to
imperfect fabrication are unavoidable, the understanding of the
effect of such variations upon bit-error-rate (BER) performance
is a primary challenge in BPM [2], [5]. The effect of island po-
sition, or location, variations on the recovery of recorded data
has been studied in [4]. In practical media the use of electron
beam lithography or self-assembly techniques often produce is-
land arrays of regular island position, i.e., controlled period, but
there may still be a severe variation in the island size [6], and
the impact of size variations upon BER performance is therefore
important [7].

In conventional magnetic recording the size and bit-aspect-
ratio (BAR) of the recorded magnetic domains are determined
by the dimensions of the recording head, whereas in BPM the
fabrication process itself determines these properties. Most ap-
proaches to fabricating BPM result in a BAR of 1, i.e., the is-
lands are of equal size along-track and across-track. However, a
large BAR is desirable when using modern read/write heads due
to a number of reasons: the ease of head fabrication, to improve
write head fields, and to obtain acceptable replay waveform
signal to noise ratio (SNR) [2]. Reference [5] lists a number
of design scenarios for BPM at areal densities in the range of
1-5 Tbit/in?, with many of the preferred designs having a BAR
greater than 1. However, at any given density, raising the BAR
above 1 will decrease one of the dimensions (typically the length
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along track) of the island, potentially resulting in broader distri-
butions of the island properties, such as island period, island size
and magnetic anisotropy [2], which may have an even greater ef-
fect on the BER performance of the read channel.

In this paper, the effect of island size variations on the raw
BER performance in BPM systems with an island BAR of 4 is
explored. We present an analysis of the resulting error events in
order to understand the root causes of such errors, with respect to
the island size variations and magnetization state. In this anal-
ysis the presence of other sources of error, such as inter-track
interference (ITI) and additive white Gaussian noise (AWGN)
have been removed.

II. READ CHANNEL MODEL

A comprehensive read channel simulation has been devel-
oped that allows the investigation of the BER performance of a
BPM storage system and, more importantly for the following
analysis, allows error events to be identified. The read channel
simulation employs a 3-D reciprocity replay model to generate
replay signals arising from a large number of islands for a
given giant magneto-resistive (GMR) read head design and
BPM media design [8]. The replay model allows any variations
in island geometry to be easily investigated. Generated replay
signal samples are then analysed by a conventional partial-re-
sponse maximum-likelihood (PRML) read channel, using a
Viterbi decoder, to determine recorded data recovered in error.

In the following analysis, single-domain islands of nominal
size along-track of 7.5 nm, period along-track of 15 nm with
a BAR = 4 (nominal width across-track of 30 nm and track
pitch of 40 nm) are assumed, which supports an areal density of
1 Tb/in?. The GMR read head adopted has sensor dimensions:
width across-track of 20 nm, length along-track of 4 nm and
shield-to-shield spacing of 16 nm [9]. The write process and the
thermal stability of stored data are not considered in this paper,
and so the magnetic properties of the islands have not been de-
fined. Here we only concentrate on investigating the effect that
variations in the position and size of islands have on the raw
BER performance of the read channel. The effects of equaliza-
tion and AWGN have not been included in order to isolate the
effects of island geometry variations only. In addition, ITI has
also been ignored since the island width across-track is larger
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Fig. 1. Block diagram of the read channel model with island geometry varia-
tions.
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Fig. 2. Effects of (a) island position variations and (b) island size variations on
the replay pulse sample values for an isolated island.

than the width of the GMR sensor. Fig. 1 illustrates a block dia-
gram of the read channel model developed, where a generalized
partial response (GPR) target of [0.25 1 0.25] is chosen to match
the shape of the isolated (ideal) island response.

The replay waveform is produced by the superposition of is-
land edge responses at positions defined by each island along
the track. From these waveforms sample values are extracted
corresponding to the (ideal) position of each island, i.e., at the
ideal island period [4]. For example, Fig. 2 illustrates pulse re-
sponses generated by the superposition of leading and lagging
edge responses. Variations of island position or size are intro-
duced by varying the position at which these edge responses are
superposed. In the case of variation in island position, the nom-
inal position of each island is varied by shifting both edges of
the island in the same direction (down-track or up-track). In the
case of variations in island size an equal shift is applied to each
edge of the island, but in opposite directions. Simultaneous po-
sition and size variations are generated by randomly shifting the
edges of each island. These variations are assumed to be random
with a truncated Gaussian distribution, of mean zero and stan-
dard deviation o specified in nm, with the edge shift restricted
so that there is no island overlap.

Let A, denote the position shift of the island, then the replay
pulse due the position shift can be represented by h(z — A,),
where h(z) denotes the replay pulse due to an ideal island. Dif-
ferences between the replay pulse and the position-shifted pulse
can be expressed approximately as

dh(z)

P gy ey
It can be seen from (1) that the effect of the position shift on the
replay samples is related to the local slope of the replay pulse.

Fig. 2 illustrates the effect that an arbitrary amount of island
position variation (Fig. 2(a)) and island size variation (Fig. 2(b))
will have on the replay samples due to an isolated island. Here
the sample values, shown as the symbols on the curves of Fig. 2,
have been taken at points corresponding to the ideal sampling
time (in terms of distance from the island centre) of an island,

Ah(z) = h(z) —h(z — Ap) = A
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plus an island pitch before and after the island of interest. In
both Fig. 2(a) and (b) the circles indicate the ideal replay sample
values with no variation in the island geometry. It can be seen
from Fig. 2(a) that when island position shift is introduced, the
central sample, corresponding to the sample at the centre of an
island, is at, or close to, the peak of the pulse where the slope
is near zero, and so there is a small effect on the sample value.
At the samples either side of the central sample, which corre-
spond to the ideal positions of adjacent islands, the pulse slope
is larger and this will result in a variation in the amount of IST in
the waveform observed. Fig. 2(b) shows that island size varia-
tions have an impact on the magnitude of the sample value cor-
responding to the island of interest. An increase in the island
size results in an increase in the signal magnitude and a decrease
in the island size results in a decrease in the signal magnitude.
These signal amplitude changes are expected since the replay
signal is proportional to the flux emanating from the islands and
the total amount of magnetic material present. In the case of
the adjacent samples, little change in sample magnitude is ob-
served resulting in a small change in the amount of ISI present.
The effect of the two different variations of the island geometry
(position and size) on the sample values may enable them to be
distinguished on an island-by-island basis, which could be put
to use in an advanced detector.

The effects of island position variations, island size varia-
tions, and both island position and size variations on the read
channel performance in a high BAR system have been explored.
Fig. 3 illustrates the BER performance versus the standard de-
viation, o nm, of the island variations with no other sources of
noise present. In the case of just island position variations (not
shown) then no errors are detected. In the presence of just size
variations then the number of errors increases with ¢. In the case
of the presence of both position and size variations (dashed line),
where each has a standard deviation of /2 - o /2 giving a total
contribution of o, then significantly more bit errors are observed
compared with the cases of position and size variations alone.
The results shown in Fig. 3 demonstrate the need to investigate
the origins of errors in BPM when island variations are present.
Here, we begin this analysis by considering the identification of
error events in the presence of size variations only.

III. IDENTIFICATION OF ERROR EVENTS

The analysis of error events is essential for the performance
analysis of read channels [10]. An error event is defined as a
distinct distance between the correct path and the estimated
path in the maximum-likelihood (ML) Viterbi detector. In the
trellis, the error event occurs when the correct path and the
estimated path start to diverge at one state, and it ends when
those two paths converge into another state. Fig. 4 shows an ex-
ample of the error event in a trellis for the GPR target used.
The Viterbi detector compares the read-back samples, y, with
the path metric to decide the transition from one state to an-
other. It chooses the transition path for which the path metric
has the minimum squared distance from the replay samples. The
correct path (solid line) that the Viterbi detector should take
is S1-S1-S1-S1, but because of the presence of island geom-
etry variations the replay samples vary from the ideal samples
and the Viterbi detector takes the erroneous path S1-S3-S2-S1
(dashed line). An error event starts at magnetization state S1
and ends at S1, between these two states the path goes though
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— = /,w' HASD 1.5nm  2.0nm 2.5nm 3.0nm 3.5nm
D prd 1 bit 100% 100% 99.69% 98.95% 97.92%
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Fig. 4. Example of an error event in the trellis of Viterbi detector. The solid
line shows the correct path and the dashed shows the erroneous path.
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two incorrect states. The error event can also be represented by
the associated input error sequence as €, = by — dj, where
1 < k < I(e),l(e) is the length of an error event, e,(k) =
{=2,0,2}, by, is the input data sequence to the PR channel, and
dy, is the estimated recovered data sequence from the Viterbi de-
tector. The number of bit errors due to an error event is equal to
the number of non-zero coefficients in &3, which is represented
as wyg (& ). It can be seen from the definition that the error event
that extends from time ¢;1 = k to to = k + 2, will not have
more than v — 1 consecutive zeros between time ¢; and t5 — v,
where v represents the memory in the channel (i.e., the length
of the target minus one). While there are many possible error
events in the read channel, a few typical error events may be
the dominant source of errors. In order to identify the typical
error events, the read channel simulation was run continuously
to generate 4960 x 103 bits for the Viterbi detector to recover,
from which the error sequences were identified and recorded.
Here, the memory of the channel is 2.

If no more than two consecutive zeros are found in the error
sequences between two non-zero values, then an error event is
recognized. For example, a single bit error event can be indenti-
fied as “0 0+ 2 0 0” and a two-bit error event can be indentified
as“00+4+2—-200"or “0 0420 —200.” The distinct error events
were searched in the results of the read channel simulation, with
results shown in Table I, for island size (Ilength along-track) stan-
dard deviations ranging from 1.5 nm to 3.5 nm (20% to 46% of

nominal island length). Table I shows that in all cases of o inves-
tigated the dominant error events are single bit in nature, even
as the standard deviation of the size variation is increased (over
95% of all the error events observed).

Once the error events have been identified the island proper-
ties (size and magnetization state) corresponding to the islands
in the vicinity of each of the error events were investigated. For
the GPR target chosen, three consecutive islands are consid-
ered that are centered on the island for which the magnetization
state was recovered in error. The eight possible combinations of
magnetization states for these three islands can be categorized
into the four cases listed in the first column of Table II. In all
cases the single bit error was only observed when the size of
the centre island (the one recovered in error) was “small” com-
pared to the nominal size of an island along track of 7.5 nm.
In the case where the magnetization state of the neighboring is-
lands differ from that of the centre island (—, +, — or +, —, +)
then an error event is more likely to be observed when they are
‘big’ compared with the nominal island size. Similarly, when
the magnetization state of the neighboring islands is the same
as that of the centre island (—, —, — or +, +, +) then an error
event is more likely to be observed when they are ‘small’ com-
pared to the nominal size.

Fig. 5 illustrates distributions for the three islands identified,
corresponding to the data bits recovered in error, when there are
varying amount of island size variations present. Fig. 5 illus-
trates that in the error event cases observed the size distribution
of the central island is a truncated Gaussian and that the size dis-
tributions for the neighboring islands (indicated as previous and
next) correspond to two weighted Gaussian distributions arising
from the “small” and “big” cases observed in Table II. Table III
summarizes mean values (jq) and standard deviations (o4) for
the distributions for the central islands and a combination of the
distributions of the neighboring islands where an error event oc-
curred, for each case of size variation (o) investigated. In the
case of the central island that is recovered in error, as the island
size variation (o) is increased then the mean value of the is-
land distribution (14 ) decreases, but the standard deviation (o4)
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Fig. 5. Size distributions of the three islands of interest centred on the island corresponding to the data bit recovered in error. Four values of o are considered: (a)
2.0 nm, (b) 2.5 nm, (c) 3 nm, (d) 3.5 nm (27% to 46% of nominal island length of 7.5 nm).

TABLE III
DISTRIBUTION STATISTICS FOR THE THREE ISLANDS OF INTEREST

Small Central

Size Small Neighbors Big Neighbors

L Island
Variation

(nm) d d d d d d
(mm) (mm) (mm) (nm) (nm) (nm)

2.0 498 1.76 10.18 1.94 1.62 1.17

2.5 4.67 2.07 10.19 2.60 1.40 1.39

3.0 4.55 2.31 1033 2.84 1.11 1.66

3.5 3.75 293 10.60  3.96 0.89 1.88

increases. In the case of the neighboring islands, a similar de-
crease in mean value is observed for the “small” islands, and an
increase in mean value is observed for the “big” islands as the
size variation increases. In both cases the standard deviation of
the distributions increases as the size variation increases.

IV. CONCLUSION

In this paper, we have used a read channel simulation to show
that fluctuations in the island size in BPM systems have a detri-
mental effect on the data recovery process, particularly in the
case of high BAR islands. Here the analysis of errors shows
that the dominant error events are single-bit in nature. Partic-
ular combinations of island size and magnetization state for a
group of three islands are more likely to cause single-bit error
events, more importantly when the central island is small (1.6
nm when ¢ = 2 nm, 0.9 nm when ¢ = 3.5 nm) in comparison
with the nominal size of 7.5 nm. These results show that island
size needs to be carefully controlled in the fabrication process in
order to prevent single-bit errors from occurring, thus improving
the BER performance. Alternatively, coding schemes should be
adopted that mitigate the effects of such single-bit error events.

Future work will concentrate on determining BER perfor-
mance using analytical approaches to enable a thorough inves-
tigation of the combined effects of position and size variations

to understand the origins of the severe degradation in BER per-
formance shown in Fig. 3.
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