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Many view data storage on patterned magnetic media as one way of attaining storage densities in excess of 1 Th/inZ and thus over-
coming the problems associated with recording at ultrahigh densities on conventional continuous media. In this paper we investigate,
through the use of a replay simulation developed to take into account the three-dimensional nature of the patterned media, the effects
that the shape-constrained media have on the bit-error-rate performance of the read channel in 1-Tb/inZ perpendicular recording. In
particular, we analyze how media configurations with varying island shape, size, and distribution affect the channel performance.

Index Terms—Generalized partial response, patterned media, perpendicular recording, shape constrained media.

1. INTRODUCTION

DVANCES in the data capacities of magnetic storage sys-

tems have only been possible through the continued re-
finement of both the storage media and the recording and replay
properties of the heads. Current commercial systems employ
longitudinal magnetic media, where the direction of magneti-
zation lies in the plane of continuous magnetic film. It is envis-
aged that future generations of magnetic recording systems will
increasingly employ perpendicular media, where the direction
of magnetization lies perpendicular to the plane of the film; in
this arrangement, improved storage capabilities have been ob-
served compared to longitudinal media [1]. The move to per-
pendicular media has posed a number of technical challenges;
most notably, the need for single-pole recording heads, the fab-
rication of a thin-film perpendicular media on soft magnetic un-
derlayers (SULs), and the development of new read channel de-
signs due to the signal spectra differences between longitudinal
and perpendicular systems [2]. All of these challenges have been
successfully addressed and made the realization of commercial
perpendicular drives possible. However, beyond perpendicular
media, many believe the use of patterned media will be essen-
tial [3]-[5] in order to achieve storage densities in excess of
1 Tb/in? and overcome the physical barriers that restrict ultra-
high-storage densities in continuous media. Such a paradigm
shift will undoubtedly introduce further technical difficulties
that must be overcome in order to realize practical storage sys-
tems; not least, the problems associated with the fabrication of
media.

In patterned media based storage systems, single bits of
data are recorded to discrete, nanometer-sized lithographi-
cally defined islands, each being (ideally) single domain. The
size, shape, and distribution of these islands depends on the
fabrication process adopted, which is under the control of
media designers. The main advantage of patterned media over
conventional media using continuous magnetic thin films is
the ability to circumvent the superparamagnetic limit. In a
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magnetic storage system, the signal-to-noise ratio (SNR) is
related to the number of magnetic grains per recorded bit. A
reduction in recorded bit size requires a reduction of the grain
size in order to retain a sufficient number of grains per bit
and maintain an acceptable SNR. However, as grain sizes are
reduced they become less thermally stable, to such a degree
that data storage is no longer viable [6]. In the case of patterned
media, the grains forming the magnetic islands are strongly
coupled and, as a result, do not require any grain size reduction
[7]-[9]. In addition, due to the nonmagnetic region between
islands, transition noise, which is prevalent in continuous
thin-film based media, is effectively removed [6], [10]. The
nonmagnetic region between tracks also permits the removal
of side tracks which exist in continuous film based media to
ensure sufficient separation between recorded tracks; this also
permits the possibility of “built-in” tracking capabilities [6].

In this paper, we will examine how the geometry and distribu-
tion of the patterned islands, i.e., island length, size, and period,
affect the performance of the read channel in terms of bit-error
rate (BER) against SNR and hence determine the best media
configuration to offer optimum read channel performance. In
addition, other media characteristics, such as film thickness
and the presence of an SUL, will be investigated. In order to
facilitate this work, a readout simulation has been developed
which takes into account the three-dimensional (3-D) nature of
patterned media and accurately predicts the replay waveforms
as functions of the media characteristics. In addition, the 3-D
readout simulation also predicts signal contributions arising
due to inter-track-interference (ITI) in the readout waveform. In
order to determine the data recovery performance, a partial-re-
sponse maximum-likelihood (PRML) read channel simulation
has also been developed. The simulation will be used to assess
the performance of a range of common partial-response (PR)
targets applicable for use in patterned media storage systems.

Patterned media read channel and write designs have been
analyzed previously by Hughes [11]-[14] for 100-Gb/in?
media [11], [12] and later 1-Tb/in® media [13], [14] with and
without an SUL. The work presented here concentrates on
1-Tb/in? storage densities and enhances understanding (con-
centrating on read channel designs only) in a number of areas:
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by using a 3-D model of the replay process as compared to the
two-dimensional (2-D) approaches of Potter [15] and Ruigrok
[16], which more accurately predicts the potential distribution
beneath the giant-magnetoresistive (GMR) read head in the
presence of an SUL; by introducing the more realistic case
of ITT in the replay waveform; by analyzing how the island
geometry, period, bit-aspect ratio (BAR), and distribution
affects the read channel BER performance; by more accurately
modeling the effects of lithography jitter taking into account
both shifts in the island position [11] and variation in the size
of the islands; by using a full channel simulation (Monte Carlo
analysis), which models all the read channel components and
generates the BER by calculating data in error at the output of
the read channel, rather than using analytical approaches; and
by analyzing a PRML read channel incorporating an optimized
generalized-partial-response (GPR) polynomial.

The paper is organized as follows. Section II describes the
3-D modeling approach used to simulate replay waveforms
in patterned media storage systems. Section III describes the
channel simulation and the use of GPR targets used in the
analysis. Section IV presents analysis results, and conclusions
are summarized in Section V.

II. REPLAY SIMULATION

In a previous paper [10], we demonstrated that the shape of
the replay pulse due to an isolated island (along-track), using
a conventional shielded GMR reader, is strongly dependent on
the magnetic film structure and the geometry of the patterned
island. There, the replay simulation took into account the 3-D
geometry of the patterned islands through an extension of the
reciprocity integral to 3-D.

Traditional signal modeling techniques based on the reci-
procity integral [15], [16] assume that the medium magneti-
zation is uniform across-track (infinite width approximation).
However, in the case of patterned media, this is not the case,
and a more accurate replay model would need to take into the
account the geometrical constraints of the patterned media in
both the along-track and across-track directions beneath the
replay sensor. The approach used is described in detail in [10]
and is summarized briefly below.

Fig. 1 illustrates the geometry of the shielded GMR head and
the patterned magnetic medium. Here, the GMR element is of
track width W, and length (along-track) L, the side shields are
of infinite extent across-track, of semi-infinite height and sepa-
rated from the GMR element by gaps of width GG. The islands
(assumed to be square in cross section unless otherwise stated)
are arranged in a square array and have length a, and period x;
(in distance), which is equal along and across-track. The head
scans in the direction z, at a velocity v.

The signal flux through the GMR read sensor, due to mag-
netization changes in the medium, can be calculated using the
standard reciprocity integral

0o d+6
@gig(f):uo/ /—%wy’y)dy My(z — T)dzdz (1)
—oo d

where @, is the signal flux though the sensor, M, is the
medium magnetization, which is assumed to be perpendic-
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Fig. 1.
medium.

Geometry of the shielded GMR head structure and patterned magnetic

ular and varying in the scan direction, x, only, and ¢ is the
scalar magnetic potential distribution, at position y below the
air-bearing surface (ABS) of the GMR head.

By adopting simple potential profiles across the gap of the
GMR head, Potter and Ruigrok approximations [15], [16], the
reciprocity integral of (1) can be easily evaluated. Extension of
the reciprocity integral to 3-D gives

(I)sig(f) = o / /

where the variation in the medium magnetization, M,,, in both
the along-track, x, and across-track, z, directions is taken into
account and the scalar magnetic potential distribution, ¢, is cal-
culated across any 2-D plane below the ABS using the approach
of Wilton [17]; in this case, the presence, or not, of any SUL is
taken into account in the potential calculation.

The replay waveform due to a track of islands can be gen-
erated by either superposing pulse responses due to an isolated
island or by superposing isolated step responses (nonmagnetic
to magnetic material transitions) at the two edges of each is-
land along the track. Following this approach, signal contribu-
tions (degradations) in the form of ITI arising due to read head
pick-up from neighboring tracks can be easily included. Here,
the signal contributions due to the adjacent tracks are gener-
ated using step responses produced with the read head offset
across-track by a track pitch, ;. The introduction of signal con-
tributions due to adjacent tracks is not possible using conven-
tional 2-D modeling approaches.

In the following analysis, the SNR is defined as

d+6

" 0¢ (w,y, 2)
/ Jy %y

XMy(z —z,z)dzdz (2)

SNR(dB) = 20log (Vo—p/Vrms) 3)

where V,_,, is the peak signal of the signal waveform due to a
spread of random data and v, is the rms noise voltage, which
is assumed to be additive white Gaussian (AWGN).

The other source of noise in patterned media storage sys-
tems is due to jitter arising from imperfections in the patterning
process; this manifests itself as variations in island size and po-
sition and can be shown to be Gaussian in nature [18]. Jitter can
be introduced as random transition shift in the step superposi-
tion process with Gaussian distribution of zero mean and vari-
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ance sz», where o; is specified as a percentage of the bit period,
. The medium M, is assumed to be constant.

III. CHANNEL SIMULATION

A read channel simulation has been developed in order to
predict the performance of the magnetic read channel, in terms
of BER against system SNR. The complete system, including
both replay and read channel simulations, is illustrated in Fig. 2.

The full read channel consists of a PRML decoder and a mod-
ulation decoder (if used). The PRML block consists of a 7-tap
finite-impulse-response (FIR) digital filter followed by a max-
imum likelihood Viterbi decoder. The role of the FIR filter is to
modify the spectrum of the replay waveform to match that of a
desired PR target.

Generally, the choice of PR target used in magnetic recording
is of the polynomial form (1 — D)(1 + D)™, where D is the
delay operator and n is an integer. The effect of the differential
operator (1 — D) is to introduce a spectral null at dc which is
required in longitudinal recording due to the lack of dc response.
In perpendicular recording, the (1 — D) term is removed since
the maximum signal level is observed at dc in the presence of
an SUL of infinite permeability [19].

In general, integer valued PR targets do not offer a perfect
spectral match to the channel response, particularly at high
storage densities, in which case a target response with nonin-
teger coefficients may be more appropriate [20]. Such GPR
targets enable more accurate channel-spectrum matching and
near-optimal white noise filtering [21] and have been shown to
offer improved performance over conventional integer-valued
PR targets, even in the presence of jitter noise [22]. The imple-
mentation of the Viterbi decoder will become more complex
as a result of the noninteger PR coefficients; however, the
performance gain may be significant [20].

Fig. 3 gives a detailed block diagram of the simulated read
channel (dashed line indicates the filter optimization path).
Here, the ideal channel data sequence, aj, which may, or may
not, be run-length-limited (RLL) encoded is passed through the
channel model, which generates a replay waveform with the
required noise, ny, and jitter, Ag. The replay waveform is then
sampled (ideally at positions in the replay waveform corre-
sponding to the center of the islands along the main data track)
at the channel data rate, 1/7}, where T}, = a3, /v, to produce the
sampled signal data, s. The FIR filter, or equalizer, F'(D), is
configured to produce a sampled output signal, ¢z, that closely
resembles samples, dj, generated by a desired target, G(D).
The equalized data then passes through the Viterbi decoder
from which the data is recovered.

The FIR filter coefficients, F/(D), are optimized in order to
minimize the mean-squared-error (MSE) between the equalized
channel samples, ¢, and the ideal target samples, dy, generated
by the desired target, G(D). In the case of integer-valued PR tar-
gets, this is achieved using the least-mean-squared (LMS) algo-
rithm. In the case of the GPR targets, both the filter coefficients,
F(D), and the target coefficients, G(D), are found simultane-
ously [20], [22]; this process is summarized briefly below.

Let the GPR target polynomial be of length L with time-do-
main coefficients G = [go,91,.--,95—1], and the FIR filter
polynomial be of length N = 2K + 1 with time-domain co-
efficients F' = [f_k, f-k+1,-.-, fKk—1, [K]. Then following
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the monic constraint, gg = 1, which avoids the trivial solution
G = F = 0 being reached, it can be shown that the minimum
MSE is given by

1

A=
IT(A = MTR-TM)~11

“

where ) is the Lagrange multiplier [22], 7" is a matrix transpose,
I is an L-element column vector with first-element 1 and all
other elements zero; A is an L-by-L auto-correlation matrix of
the ideal channel data, ax; M is an N-by-L cross-correlation
matrix of the sampled data, si, and the ideal channel data, ay;
and R is an N-by-NN auto-correlation matrix of the sampled
data, s,.

The optimum target time-domain coefficients for G and F' are
then given by

G=XMNA-MTR™IM)'TI 5)
F=R1'MG . (6)

In this paper, an FIR filter of length N = 7 has been chosen
while a GPR polynomial of length L = 5 has been adopted
as this has been shown to be sufficient for improved channel
performance in the case of perpendicular recording [21].

IV. ANALYSIS

In the following analysis, a GMR read head with the fixed
dimensions listed in Table I has been used. For these dimen-
sions, the replay pulse due to an isolated square island of length
12.5 nm has a PWj5g of 18.8 nm in the case of medium with no
SUL (with track profile plot PW5¢ of 29.5 nm), and 21.2 nm
in the case of a medium employing an SUL (with track profile
plot PW5 of 31.2 nm); such dimensions should support storage
densities in the order of 1 Tb/in?.

Throughout the following analysis (unless otherwise stated),
a perpendicular patterned medium with island length a = 12.5
nm (assumed square) and period x; = 25 nm (along and across-
track) has been assumed; the islands are ideal, i.e., no jitter, and
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TABLE 1
GMR HEAD DIMENSIONS

Dimensions (nm)

Sensor width (W) 20

Sensor Length (L) 4

Shield-to-shield spacing 16
(L+2G)

08

Normalized signal amplitude
o o o
N > D

o

02 L 1 L L A
-150 -100 -50 0 50 100 150

Distance - nm

Fig. 4. Replay pulse response due to an isolated square island of length
12.5 nm, for an SUL present (solid line) and no SUL (dotted line).

are single domain. A fly height of d = 10 nm and film thickness
of § = 10 nm have been adopted (unless otherwise stated).

Two media configurations have been analyzed in detail: a pat-
terned medium without an SUL and a patterned medium em-
ploying an ideal SUL of infinite permeability. In the case of
a patterned medium with an SUL, no interlayer between the
bottom surface of the recording medium and the SUL has been
assumed.

The shape of the replay pulse arising due to an isolated island
is strongly dependent upon the presence, or not, of an SUL. In
the case where the SUL is absent, the replay pulse is charac-
terized by the presence of undershoots either side of the main
pulse, as illustrated in Fig. 4, whereas in the SUL case, no un-
dershoot is observed [10].

Fig. 5 illustrates plots of channel performance (in terms of
BER against SNR) for the two media configurations of interest.
BER curves are illustrated which have been generated using
waveforms produced using both a conventional 2-D approach
(Ruigrok) and the described 3-D replay simulation (3-D). In ad-
dition, in the case of the 3-D replay simulation, the BER per-
formance in the presence of adjacent tracks is also illustrated
(3-D-multi). In all cases, a GPR target has been used and opti-
mized for a system SNR of 20 dB.

It is clear from Fig. 5 that the 2-D (Ruigrok) approach has
a tendency to underestimate the channel performance; this is
likely to be due to the increased undershoot evident in the re-
play pulse [10]. The use of the (more realistic) 3-D replay sim-
ulation indicates an improved channel performance. In the real-
istic case where adjacent tracks are introduced, which cannot be
treated using the 2-D approaches, the ITT introduced by the read
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Fig. 5. Channel performance using an island length of 12.5 nm and period
25 nm.

head sensing the adjacent tracks results in a reduced BER perfor-
mance. In the case of a medium employing an SUL, the degrada-
tion in channel performance is severe (the minimum SNR for an
acceptable BER of 10™* changes from 11.6 to 22.4 dB). How-
ever, in the case where these is no SUL, the effect is minimal
(the minimum SNR changes from 10.4 to 11.0 dB for an ac-
ceptable BER of 107%).

The main point of interest from Fig. 5 is that to achieve
optimum BER read channel performance a patterned medium
without an SUL should be employed; this may benefit media
designers due to the problems associated with patterning of the
recording film while maintaining a continuous SUL film.

A. Choice of PR Target

In order to determine the optimum PR target (in terms of
channel BER performance), a number of conventional PR
schemes have been investigated, as well as the GPR target. The
PR targets chosen are those used extensively in longitudinal
recording, such as the PR4 family of targets (PR4, EPR4,
EEPR4), as well as a PRS target [23]; a similar target has
already been investigated with respect to implementation in
patterned media storage systems using longitudinal media [11].
The conventional PR4 targets have been investigated due to the
fact that the channel response of the system has a reduced dc
response similar to that of a longitudinal system; this arises due
to the generation of a pulse in the replay waveform due to each
individual island. In order to demonstrate the poor spectral
matching to a PR scheme designed for perpendicular media,
the PR(—1,0,1,1,0, —1) target [24] was also investigated.

Fig. 6 illustrates the BER performance for the chosen PR tar-
gets using the two media configurations under investigation. In
all cases, the signal contributions due to the adjacent tracks (ITT)
have been included in the generation of the replay waveform.

In both plots, it is clear that the GPR target offers optimum
performance compared to the other targets investigated. In the
no SUL case, for an acceptable BER of <1074, a minimum
SNR of 11 dB can be tolerated in the channel incorporating a
GPR target. In the SUL case, using the GPR target the channel
can tolerate a minimum SNR of 22 dB for a BER of <107™*. It
is also clear that a much better BER performance is observed
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Fig. 6. Channel performance using different PR schemes, for the case of (a) no
SUL, and (b) an SUL present.

using the PR4 and EPR4 targets, compared to the perpendic-
ular PR target (PR perp.), as expected from the analysis of the
channel spectrum. It is interesting that for the case where an
ideal track of data is assumed where there is no ITI (not shown),
then the optimized GPR target is similar to that of the dicode
channel, (1,—1), in both cases. The GPR polynomials used
are (1, —0.507, —0.496, 0.009, 0.0002) in the no SUL case and
(1,—0.409, —0.432, —0.048, —0.027) in the SUL case.

Throughout the following analysis, a GPR target will be as-
sumed and optimized in each case for a system SNR of 20 dB
unless otherwise indicated.

B. Dependence on Island Shape

In conventional continuous media, the storage density is de-
termined by the BAR, i.e., the ratio of the track density to the
linear bit density along track. Generally, a high BAR is de-
sirable (of the order 10 in current commercial systems [25])
since increased track density results in increased media noise,
particularly from the track edges [25]. In addition, in terms of
recording, the write field falls off significantly as the pole width
(and hence BAR) is reduced and there is also an inability to con-
fine the fringe fields at very narrow tracks widths [26].
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Fig. 7. Channel performance for varying island length, for the case of (a) no

SUL, and (b) an SUL present.

In the case of a patterned recording system, the shape, size,
and distribution of the islands, and hence BAR, are determined
primarily by the medium patterning process. For example, in the
case of interference lithography, the resulting islands are gener-
ally distributed over a square array with the size and separation
of the islands controlled by the fabrication process. In the case of
e-beam lithography, there is more freedom to control the shape
and distribution of islands. However, generally the patterning
process produces square, or circular, islands, which implies a
BAR of 1. Such a low BAR may not be such a disadvantage in
patterned media systems due to the fact that track edge effects
are effectively removed as a result of the patterning process that
(ideally) confines the recorded mark to a single domain island.
As such, the dominant source of noise as a consequence of re-
duced BAR will be the introduction of ITI due to the read head
sensing the adjacent tracks.

Fig. 7 illustrates the BER performance of the read channel
when the width of the (assumed rectangular) islands is varied,
for the two media configurations being investigated. The length
(along-track) and period (along and across-track) of the island
are held fixed at 12.5 and 25 nm, respectively. It is worth noting
that at the storage density of interest, there is little difference in
channel BER performance when using round or square islands.
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In both cases, it is clear that the channel BER performance
is dependent upon the width of the islands. The degradation in
channel performance as the island width is increased is due to
the increased amount of ITI due to the islands along the adjacent
tracks being located physically closer to the main data track as
the width is increased. It can be shown that for an island width of
infinite extent, compared to the width of the GMR read sensor,
the BER performance is comparable to that determined using
the (conventional) 2-D modeling approach. Again, this result
is consistent with an analysis of the pulse shape due to an iso-
lated island, which can be shown to approximate to the response
generated using 2-D modeling approaches for large bit width
(high BAR) [10]. When the width of the island is reduced below
12.5 nm, i.e., 2 /2, little appreciable improvement in BER per-
formance is observed.

In the case where the island width is held fixed (at 12.5 nm)
and the island length is increased, then very little change in
channel BER performance is observed in the case where there
is no SUL present (change in SNR of 1.5 x 107 at 12 dB) and
some slight performance degradation in the case where an SUL
is present (change in SNR of 2 x 10~* at 22 dB). Overall, using
the read head dimensions adopted, the effect of ITI is the main
cause of reduced channel performance as the size of the island
is changed (but the period remains fixed).

C. Dependence on Island Period

In the case where the island length/width is held fixed, the
amount of inter-symbol-interference (ISI) in the replay wave-
form is determined by the separation between (or period of)
the islands. Fig. 8 illustrates plots of channel BER performance
when the island period is varied; here the length of the (assumed
square) island is held fixed at 12.5 nm.

In both cases, the channel BER performance improves as the
periodicity of the islands is increased; this result is sensible con-
sidering that the amount of ISI is reduced as the islands are
physically located further away from each other. Conversely, re-
ducing the period of the islands results in reduced channel per-
formance due to increased ISI. It is clear from Fig. 8(b) that for
the SUL case, it is difficult to push the storage density beyond
1 Tb/in? using the GMR head dimensions adopted. However, in
the no SUL case, Fig. 8(a), the island period can be reduced to
20 nm, giving a storage density of 1.6 Tb/in?, while maintaining
a BER comparable with the SUL case at 1 Tb/in?, i.e., a min-
imuT SNR of approximately 22 dB for an acceptable BER of
1077,

D. Dependence on Island Distribution

In all the previous results, it has been assumed that the is-
lands are distributed over a square array, i.e., the positions of
the islands along the neighboring tracks are directly adjacent to
those along the main data track. However, the arrangement of
islands is dependent on the fabrication process. For example,
island formation through resist masks produced by the self-as-
sembly of nanometer sized polystyrene spheres results in islands
packed over a hexagonal lattice [27]. In this case, the islands
along neighboring tracks are no longer directly adjacent, but dis-
placed half an island period, x; /2, down track. As a result, any
ITT at the data sampling point (the point in the replay waveform
corresponding to the center of an island) will be reduced. We
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Fig. 8. Channel performance for varying island period (fixed island length of
12.5 nm), for the case of (a) no SUL, and (b) an SUL present.

have shown previously [28], that for a patterned medium with
an SUL, the use of a hexagonally packed island distribution of-
fers improved read channel BER performance as well as less
sensitivity to track misregistration (TMR).

Fig. 9 illustrates the read channel BER performance for the
cases of islands distributed on a square array and on a hexago-
nally packed lattice, for the two media configurations being in-
vestigated. The islands are assumed to be square and of length
12.5 nm and period along and across-track of 25 nm. In the case
of a patterned medium with an SUL, Fig. 9(b), it is clear that
the use of a hexagonally packed island distribution results in
an improved channel BER performance, i.e., a change in min-
imum SNR of 22 to 15 dB for an acceptable BER of 107%. In
the no SUL case, some improvement in BER performance is
also observed.

E. Dependence on Film Thickness

The thickness of the medium can have an effect on the shape
of the pulse response due to an isolated island, particularly in
the case of a patterned medium with an SUL [10]. In both media
configurations, a degradation in read channel BER performance
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Fig. 9. Channel performance for different island distributions, for the case of
(a) no SUL, and (b) an SUL present.

is observed as the thickness of the recording medium is in-
creased; particularly for the case of a patterned medium with
an SUL. In both cases, the reduction in channel performance
can be attributed to the increase in the pulsewidth as the film
thickness is increased, particularly at the edges of the pulse re-
sponse [10]. Generally, optimum channel performance is ob-
served when a thin film, in this case 6 = 10 nm, is used. The
result is sensible due to the need for thin films in continuous
media in order to achieve sharp transitions and confirms con-
clusions drawn elsewhere [29] that in the patterned medium the
film thickness should be of the order of the island spacing.

E. Jitter Analysis

As stated previously, the main source of noise in patterned
media will be due to imperfections in the patterning process;
this manifests itself as variations in island size and position that
can be treated as being Gaussian in nature [18].

Fig. 10 illustrates the channel BER performance when lithog-
raphy jitter is introduced as a random transition shift in the step
superposition process. Here the jitter is specified as a percentage
of the island period, x; = 25 nm, along-track only.

In both cases, it is evident that the channel performance is
significantly affected by the presence of lithography jitter. It is
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Fig. 10. Channel performance with varying amounts of lithography jitter, for
the case of (a) no SUL, and (b) an SUL present.

clear that the channel BER performance declines by an order of
magnitude when more than 6% lithography jitter is introduced
for the no SUL medium at a SNR of 12 dB; this corresponds to
a jitter of ¢ = 1.5 nm, which indicates that tight tolerances on
allowable island jitter may limit the attainable BER performance
in future patterned media based storage systems.

V. CONCLUSION

Using a 3-D model of the replay process in patterned mag-
netic media storage, which enables signal contributions due to
adjacent tracks to be included in the generation of the replay
waveform, we have investigated how the characteristics of the
geometrically constrained patterned media affects the perfor-
mance of the read channel. Such an analysis may be useful
for media designers who may be able to tailor the character-
istics of the patterned medium to the benefit of read channel
performance.

It has been shown that the best channel performance is ob-
served when adopting a GPR target irrespective of whether an
SUL is present (although acceptable BER performance is ob-
served using the PR4 and EPR4 targets).

A number of media characteristics have been investigated
using the particular GMR read sensor dimensions adopted. Key
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conclusions that may be drawn show that a patterned medium
with no SUL offers overall better BER performance compared
to a patterned medium employing an SUL. In addition, ITI has
a dramatic effect on the performance of the read channel for
a patterned medium with an SUL. However, this performance
may be improved significantly by using a hexagonally packed
media.

In terms of island shape, no observable difference is evident
between the BER performance using square or circular islands
at the storage density of interest. However, increasing the width
of the island has a detrimental effect on the BER performance
of the read channel. Generally, reducing the island width below
half the island period, x;/2, has little appreciable effect of the
channel performance. An increased island period leads to an im-
proved channel performance, as expected. A reduced island pe-
riod results in the degradation of the channel performance due
to the increased amount of ISI and ITT in the replay waveform.
However, in the case of a patterned medium with no SUL, the
island period can be reduced from 25 to 20 nm, giving a storage
density of 1.6 Tb/in?, while still maintaining a BER perfor-
mance comparable to the SUL case at 1 Tb/in?. It is important
to emphasize that the work presented here is not exhaustive and
is presented only for fixed GMR read head dimensions. A full
system optimization, including GMR reader geometry and write
analysis, may modify the results presented and the conclusions
made.

Overall, the channel BER performance in patterned media
storage systems is strongly dependent upon the shape, size,
period, and distribution of the islands. In particular, the read
channel is especially sensitive to the presence of lithography
noise, which manifests itself as jitter in the replay waveform.
This will be a particular concern in the realization of a practical
system based on patterned media, especially at higher storage
densities where tighter tolerances on the patterning process
may be required.
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