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ABSTRACT

The hard disk drive (HDD) industry is approaching the limit of the data storage density
possible by reading and writing single tracks on conventional magnetic disks. The proposed
research project considers an alternate approach called “two dimensional magnetic recording
(TDMRY)”, where in bits are read and written in two dimensions on conventional magnetic disks.

Due to a high recording density, the readback signal of TDMR systems is inevitably
corrupted by the two-dimensional (2D) interference consisting of inter-symbol interference (ISI) and
inter-track interference (ITI). If precautions are not taken, the 2D interference can significantly
degrade the overall system performance.

Therefore, our research goal is to design and develop the iterative 2D detection, 2D
modulation coding schemes, and also focuses on how to combine the iterative 2D detection and
the 2D modulation code to combat both the severe ISI and ITI in TDMR channels. When
completed, this effort is expected to produce innovative, the combination methods of developed 2D

detector and 2D modulation coding suitable for TDMR systems.
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Fly height d 10
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Off-track condition or track misregistration (TMR) is one of the most significant problems in the extremely high-density
bit-patterned media recording (BPMR) system, since a track pitch becomes narrower. Typically, the TMR can be detected and
handled by a servo system; however, it requires some special data to be inserted in the tracks so as to estimate the amount of head
offset. Nonetheless, this paper proposes an iterative TMR mitigation method for BPMR systems based on the readback signals.
First, we design several pairs of the 2-D asymmetric target and its corresponding 2-D equalizer that match the BPMR channel for
each TMR level. Then, we exploit the three adjacent data tracks obtained from the low-density parity-check decoders to estimate the
TMR level. Last, a pair of the 2-D asymmetric target and its corresponding 2-D equalizer that is best fit to the estimated TMR level
will be used to alleviate the TMR effect in the readback signal for the next global iteration. Simulation results indicate that the
proposed system can effectively estimate the TMR level and performs better than the conventional system without a TMR mitigation
method, especially when the TMR level is high and/or the position jitter is large.

Index Terms—2-D equalization, bit-patterned media recording (BPMR), intertrack interference, track misregistration (TMR).

I. INTRODUCTION

RACK misregistration (TMR) is one of the major prob-

lems in the extremely high-density bit-patterned media
recording (BPMR) system [1], [2] because a track pitch or a
spacing between the adjacent tracks becomes narrower. This
can easily cause the read head to position away from the
center of the main track, as illustrated in Fig. 1. For example,
this could happen when the disk rotation speed is suddenly
increased for high transfer rate and access time, while the read
head moves to read the data on the main track [3]. In general,
the TMR can cause a devastating impact on the data recovery
process, because it will enhance the interference from the
adjacent tracks, i.e., intertrack interference, thus degrading the
quality of the readback signal. Moreover, the TMR effect may
lead to the mismatch between the readback signal and the
design of the target and its corresponding equalizer, which in
turn causes the detector to perform unreliably.

Although the servo system can be used to handle the
TMR effect [3], [4], it requires some special data to be inserted
in the tracks so as to estimate the amount of head offset. How-
ever, it is normally difficult to approximate the behavior of the
read-head movement when the TMR occurs beyond its limita-
tion [3], [5]. Alternatively, Myint and Supnithi [6] introduced
the TMR detection method from the readback signals, based
on the observation of the 2-D equalizer coefficients, and
then adjusted the 2-D target and the 2-D equalizer to be
asymmetric so as to handle the TMR-affected readback signal.
Nevertheless, we found that this method can only perform
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Fig. 1. TMR or a head offset, A7, in BPMR systems.
well when the TMR is not high (e.g., <10%) and an areal
density (AD) is moderate (e.g., <2 Tb/inz).

To solve the TMR problem, we propose an iterative
TMR mitigation method to alleviate the TMR effect based
on the readback signals. We first design several pairs of the
2-D asymmetric target and its corresponding 2-D equalizer
that match the BPMR channel for each TMR level. Next,
we utilize the three adjacent data tracks obtained from the
output of the low-density parity-check (LDPC) decoders to
estimate the TMR level. Hence, a pair of the 2-D target and
its corresponding 2-D equalizer that is best fit to the estimated
TMR level will be employed to cope with the TMR-affected
readback signal during the next global iteration.

The rest of this paper is organized as follows. Section II
describes the BPMR channel model, and Section III explains
the proposed TMR mitigation method. Simulation results
are given in Section IV. Finally, the conclusion is drawn
in Section V.

II. BPMR CHANNEL MODEL

Consider a discrete-time BPMR channel model [7], [8]
in Fig. 2. An input data sequence u;x € {0, 1} of length
3640 b with a bit period T, is encoded by a rate-8/9
LDPC code [9] to obtain a sequence x;x € {£1} of length

0018-9464 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. BPMR channel model with the proposed TMR mitigation method.

4095 b, where the parity-check matrix has 3 ones in each
column and 27 ones in each row. The readback signal of the
kth data bit of the /th track can be expressed as

ik = z th,nxl—m,k—n + ny
n o om

where the values of x; ; are the recorded bits, [ € {0, —1, +1}
represents the main, upper, and lower track, respectively, the
values of h, , are the 2-D channel coefficients, m and n
represent the time indices of the bit island in the across-
track and the along-track directions, respectively, and n  is an
additive white Gaussian noise with zero mean and variance o 2.

In practice, hy,,, can be obtained by sampling the isolated
island pulse response at the integer multiples of the bit
period T, and the track pitch 7, according to [10]

ey

hm,n = P(mTZ + Ar,nTy) (2)

where P(z,x) is the 2-D Gaussian pulse response given by

1 [ 2+ A\? (x4 A2
= G) ) [T o
2c PW, PW,
{m,n}e(—L,...,0,...,L), 2L + 1 is the length of P(z, x),
L is an integer, z and x are the time indices in the across-track
and the along-track directions, respectively, A = 1 is supposed
to be the peak amplitude of P(z,x), ¢ 1/2.3548 is a
constant to account for the relationship between PW5q and the
standard deviation of the Gaussian pulse [1], PW3 is the pulse
width at half of its peak value, A, is the along-track location
fluctuation (or position jitter [11]), A, is the across-track
location fluctuation, PW, is the PWs5q9 of the along-track
pulse, and PW, is the PWj5y of the across-track pulse.
Here, we assume that Ay and A, are modeled as a truncated
Gaussian probability distribution function with zero mean and
variance o2, where o; is specified as the percentage of T.
In addition, the read-head offset or the TMR, Ar, is assumed
to be positive for the upward offset, as shown in Fig. 1, and
the TMR level is defined as

P(z,x)=A exp{

At

x 100.

TMR (%) 4)

Z
At the receiver, the readback data sequences {r; ;} are equal-
ized by a 2-D equalizer to obtain the sequences {z; ;}, and are
sent to three 2-D soft-output Viterbi algorithm (2-D-SOVA)
detectors to produce the three-track soft information :Il,k
before passing them to the LDPC decoders to output the

three-track log-likelihood ratio (LLR), A;x, of the input
bits associated with the main and the two adjacent tracks.
Note that the LDPC decoder is implemented based on the
message-passing algorithm [9] with Npppc internal iterations.
Then, the LLR sequences are fedback to each corresponding
2-D-SOVA detector for the next turbo iteration, Nt.

At each global iteration, Ng, the three-track LLR sequences
are mapped to X7 x € {£1}, and are sent to the 2-D asymmetric
targets to produce all possible target outputs {Zo}. Thus,
the TMR estimation block computes the mean-squared
error (MSE) between each sequence Zpx and the equalizer
output zg x from the previous global iteration, and then outputs
the estimated TMR, TMR, corresponding to the 2-D target
used to generate the sequence Zo  that provides a minimum
MSE (MMSE). Therefore, a new set of the 2-D target and its
corresponding 2-D equalizer will be used for the next global
iteration. In particular, the original readback data sequences
{r; x} will be reequalized by the new 2-D equalizer before
sending them to the 2-D-SOVA detectors implemented based
on the new 2-D target. Note that only one 2-D equalizer is
used to equalize three input sequences and then output three
equalized sequences in the iteration process, whereas all
2-D-SOVA detectors employ the same 2-D target. In addition,
this paper focuses only on detecting the data on the main
track, similar to [6].

III. PROPOSED METHOD
A. Equalizer and Target Design

We design a pair of 2-D target and its corresponding
2-D equalizer for the TMR levels of 0%, 5%, 10%, 15%,
20%, and 25%, based on an MMSE approach [10]-[12], and
employ them in the simulation. In practice, the target and its
corresponding equalizer can be obtained by minimizing

E{el} = E{(zix — dii)*} (5)

where E{-} is the expectation operator and g is an error,
which is the difference between the equalizer output z; 4 and
the desired sequence dj x. Because we consider only the data
on the main track, (5) can then be computed by

E{s}} = E{Gox — dow)?)
= E{[(r1x ® fip) — (e ® 8017} (6)

where the values of f; are the equalizer coefficients, the
values of g, are the target coefficients, and ® is the
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2-D convolution operator. After expanding the right-hand side
in (6), we obtain

E{ef } = fix ® R 1 ® fix —2fix ® R% ® g1k
+ 81k ® R} ® g1k (7

where er,k = E{rijri—; j—«} and R;"k = E{xijxi— j—k}
are the autocorrelations of the readback signals and the
recorded bits from all three tracks, respectively, and
Rl”;( = E{rijxi— j—k} is the cross correlation between the
readback signals and the recorded bits.

To compute the solution of MSE in (7), it is convenient to
rewrite it in a matrix form [12]. Let F be a 3 x 2N + 1)
equalizer matrix according to

f Jf1,-n J=1,0 SN
F=|fo |=| fo-n~ fo,0 So.n (8)
f1 fi,-n fi,0 fin
and let G be a 3 x 3 target matrix of the form
g-1 8-1,-1 &-1,0 &-1,1
G=|g |=| g,-1 g, g1 | Q)
81 81,1 81,0 81,1

In general, the matrices F and G can be rearranged into
the column vectors as f = [f_; fo f;]7 and g=[g-18 gl]T,
respectively, where the component vectors are defined in (8)
and (9), and [-]7 is the matrix transpose operator. Using these
matrices, the MSE in (7) can be rewritten as

E{ef,} =t"Rf-2("R,.g+ g R.g (10)

where R, = [rr]] is a 32N + 1) x 32N + 1)
autocorrelation matrix of R, Ry = [rex! 1 is
a 32N + 1) x 9 cross-correlation matrix of Rl’,’,i,
R, = [kakT] is a 9 x 9 autocorrelation matrix of R;"k,
[FLEEN FLESN=T - 70,0 «-o F—1k=N+1 =1 k—N1T
is a column vector of the readback signal, and
Xk = [X1,k41 X1k .-+ X0,0 ... X—1,k xfl’kfl]T is a column
vector of the recorded bits.

For a given 2-D target g of each TMR level, the
2-D equalizer f can be obtained by [12]

f=R 'R,.g

ry =

(1)

Note that this paper assumes that the 2-D target coefficients
at each TMR level are obtained by sampling the 2-D Guassian
pulse in (3) at the integer multiples of 7, and 7,. An example
of the coefficients of the 2-D target and its corresponding
2-D equalizer is illustrated in Table I, where only three
equalizer taps, i.e., {f-1.i, fo.i> f1,i}, where i € {—1,0, 1},
are shown.

B. TMR Estimation

The estimated TMR (TMR) is computed by the
TMR estimation block. In particular, the LLR output of the
LDPC decoders at the last turbo iteration (N7 = 3) will
be mapped to the estimated recorded sequence Xk, before
convolving with each predesigned 2-D target to obtain six data
sequences, {Zo x}. Then, we calculate the MSE between each
sequence Zojx and the equalizer output zgx according to
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TABLE I
EXAMPLE OF THE COEFFICIENTS OF THE 2-D TARGET AND ITS
CORRESPONDING 2-D EQUALIZER FOR SOME TMR LEVELS

TMR 2D target coefficients 2D equalizer coefficients
0.0692 0.3255 0.0692 -0.0107 0.0203 -0.0059
0%  0.1785 0.8398 0.1785 0.0197 0.8056 0.0100
0.0692 0.3255 0.0692  0.0065 -0.0119 0.0211
0.0759 0.3571 0.0759 -0.0044 0.0172 -0.0085
5%  0.1781 0.8381 0.1781  0.0107 0.8035 0.0139
0.0628 0.2955 0.0628  -0.0039 0.0166 -0.0029
0.0829 0.3902 0.0829 -0.0075 0.0185 -0.0066
10%  0.1770 0.8238 0.1770  0.0124 0.7868 0.0137
0.0567 0.2671 0.0567 -0.0069 0.0194 -0.0062
0.0902 0.4245 0.0902 -0.0097 0.0169 -0.0086
15%  0.1751 0.8241 0.1751  0.0153 0.7939 0.0103
0.0511 0.2404 0.0511 -0.0055 0.0154 -0.0066
0.0977 0.4598 0.0977 -0.0041 0.0155 -0.0107
20%  0.1725 0.8120 0.1725  0.0121 0.7808 0.0191
0.0458 0.2154 0.0458 -0.0048 0.0164 -0.0114

MSE =1/8§ Z,le (zo.x — 20.k)%, where S is the length of the
equalizer output. Eventually, the 2-D target used to generate
Zo.x that yields a minimum MSE and its corresponding
2-D equalizer will be employed to process the original
readback sequences {r;x} during the next global iteration.

IV. SIMULATION RESULTS

We evaluate the performance between 1) the conventional
system (i.e., the system in Fig. 2, but without TMR mitigation)
and 2) the proposed method in Fig. 2, at the AD of 3 Tb/in?
(i.e., Ty = T, = 14.5 nm), where the 2-D Gaussian pulse
response with the along-track PWsp of 19.4 nm and the across-
track PW5q of 24.8 nm is considered, similar to [10]. We also
define the signal-to-noise ratio as SNR = 10 loglo(Vp/(Raz)),
where V), = 1 is assumed to be the peak value of the readback
signal, and R is a code rate. Each bit error rate (BER) point
is computed using as many 3640 b data sectors as needed to
collect 500 erroneous bits. In simulation, the 2-D target and
its corresponding 2-D equalizer designed for 0% TMR level
will be used at the first global iteration (i.e., Ng¢ = 1), and we
employ Ny ppc = 3, Ny =3, and Ng = 2.

We first investigate the accuracy of our TMR estimation
method. To do so, we send 5000 data sectors (each with
random TMR ranged from 0% to 25%) into the system
in Fig. 2, and check how many times the TMR estimation
block can output a correct TMR. Simulation results indicate
that, for the TMR levels of 0%, 5%, 10%, 15%, 20%, and 25%,
our method yields the accuracies of 100%, 100%, 99%, 92%,
85%, and 83%, respectively. Clearly, the proposed method
can correctly estimate the TMR level almost 100% when the
TMR is <10%, which is better than the method in [6].

Next, we compare the BER performance of different sys-
tems for various TMR levels at the AD of 3 Tb/in? in Fig. 3.
The curve labeled Convent—-TMR x % and Proposed—TMR x %
represent the conventional system and the proposed system
with the TMR effect of x%, respectively. It is clear that the
proposed system performs similar to the conventional system
when no TMR effect is present in the system. However, at
BER = 107%, the proposed system can provide the perfor-
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Fig. 4. BER performance of different schemes for several position jitter
amounts at the TMR level of 10% and the AD of 3 Tb/in2.

mance gain of >1.5 dB over the conventional system, when
the TMR effect is >5%.

We also verify that the proposed TMR mitigation scheme
can perform well in the presence of media noise, e.g., position
jitter, as shown in Fig. 4, where we fix a TMR level at 10%
and vary the position jitter amount, ¢; /T, from 0% to 5%.
The curve labeled Convent-Jitter x% and Proposed-Jitter x %
represent the conventional system and the proposed system
with the position jitter amount of x %, respectively. Again, the
proposed system outperforms the conventional system for all
position jitter amounts, especially when the position jitter is
large. For instance, at BER = 1074, it yields the performance
improvement of >4.5 dB over the conventional system when
the position jitter amount is fixed at 4%.

The reason that the proposed system performs well is
because our TMR mitigation method can effectively estimate
the TMR embedded in the readback signal. Using this
information to select and use a new set of the 2-D target
and its corresponding 2-D equalizer that matches the actual
TMR to reprocess the readback signal will offer some
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performance improvement. Therefore, it is worth employing
the proposed TMR mitigation method in the extremely
high-density BPMR system, in particular, when the
TMR effect is dominant. However, it should be noted
that the performance gain obtained from the proposed method
needs to be balanced against the increased complexity.

V. CONCLUSION

In this paper, we proposed the iterative TMR mitigation
method for the BPMR system based on the readback sig-
nals. In particular, the three adjacent data tracks (i.e., the
main and the two adjacent tracks) from the output of the
LDPC decoders are used to estimate the TMR level. Then,
the system performance can be improved using a new pair of
the 2-D target and its corresponding 2-D equalizer, that is, the
best fit to the estimated TMR level for the next global iteration.
As shown in simulation, the proposed system is superior to the
conventional system (without using a TMR mitigation method)
in the presence of TMR both in the case of with and without
media noise, in particular, when the TMR level is high and/or
the position jitter is large.
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Soft-Output Decoding Approach of 2D Modulation Codes in
Bit-Patterned Media Recording Systems

Chanon WARISARN'® gnd Piya KOVINTAVEWAT ', Members

SUMMARY  The two-dimensional (2D) interference is one of the ma-
jor impairments in bit-patterned media recording (BPMR) systems due to
small bit and track pitches, especially at high recording densities. To alle-
viate this problem, we introduced a rate-4/5 constructive inter-track inter-
ference (CITI) coding scheme to prevent the destructive data patterns to be
written onto a magnetic medium for an uncoded BPMR system, i.e., with-
out error-correction codes. Because the CITI code produces only the hard
decision, it cannot be employed in a coded BPMR system that uses a low-
density parity-check (LDPC) code. To utilize it in an iterative decoding
scheme, we propose a soft CITI coding scheme based on the log-likelihood
ratio algebra implementation in Boolean logic mappings in order that the
soft CITI coding scheme together with a modified 2D soft-output Viterbi
algorithm (SOVA) detector and a LDPC decoder will jointly perform itera-
tive decoding. Simulation results show that the proposed scheme provides
a significant performance improvement, in particular when an areal densicy
(AD) is high and/or the position jitter is large. Specifically, at a bit-error
rate of 10™* and no position jitter, the proposed system can provide ap-
proximately 1.8 and 3.5 dB gain over the conventional coded system with-
out using the CITI code at the ADs of 2.5 and 3.0 Tera-bit per square inch
(Th/in®), respectively. .

key words: bit-patterned media recording, log-iikelihood ratio, modula-
tion code, two-dimensional interference

1. Introduction

To fulfill an increasing demand for digital data storage, a
recording density of future storage systems needs to be en-
hanced. As a conventional perpendicular magnetic record-
ing technology has physical and engineering limitations, it
cannot support an ultra-high storage capacity. Bit-patierned
media recording (BPMR) is one of the solutions for future
recording technologies, whose areal density (AD) can ex-
ceed 1 Tera-bit per square inch (Tb/inz) [11-[4]. In BPMR,
each data bit is recorded on a single domain magnetic island
surrounded by non-magnetic material. To achieve high AD,
the data bit islands in both the along-track and across-track
directions must be moved closer, leading to an increase of
two-dimensional (2D) interference. Moreover, the BPMR
challenges also include media noise arising from island po-
sition jitter and island size fluctuations in both the along-
track and across-track directions [3], track mis-registration
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(TMR) resulting from the misalignment between the center
of the read head and that of the main track [6], and written-
in errors caused by mis-synchronization of the write clock
to the predefined island locations [51.

Practically, the 2D interference, consisting of inter-
symbol interference (IST) and inter-track interference (ITI),
is one of the major impairments in BPMR systems [3],
which can significantly deteriorate the system performance
if precantions are not taken. Thus, there exist many works
presented in the literature to alleviate the 2D interference,
including {7]-[9] (and references therein). Additionally,
we found in [8], [9] that the ITI effect experienced in the
detected bit can be either destructive or constructive, de-
pending on the readback waveform of the detected bit and
its surrounding bits. Specifically, given signal amplitude
of an isolated bit, the destructive/constructive ITI will de-
creasefamplify its signal amplitude. Consequently, when
the readback signal of the detected bit encounters the de-
structive ITI (DITI), it could easily cause an error at the data
recovery process. Therefore, we introduced a constructive
ITI (CITI) modulation code in [8] to prevent the data pat-
terns that lead to the DITI being recorded ontc a magnetic

" medium. The forbidden data patterns will not be allowed

for recording, which will guarantee that the BPMR readback
signal will not be corrupted by the severe ITI, thus facilitat-
ing the data detection process.

In practice, most communication systems employ iter-
ative error-correction codes (ECCs) because they allow re-
liable operation-at low signal-to-noise ratio (SNR) due to
their large coding gains [10], [11]. However, since the CITI
modulation code operates on a hard decision basis, it can-
not be utilized in the iterative decoding scheme that requires
the soft information to be exchanged with a channel detector
and a low-density parity-check (LDPC) decoder [12].

Therefore, to employ the CITI modulation code [8] in
the coded BPMR system, we propose the soft CITI coding
scheme based on the log-likelihood ratio (LLR} algebra im-
plementation in Boolean logic mappings [13], {14]. Hence,
the soft CITI coding scheme together with a modified 2D
soft-output Viterbi algorithm (2D-SOVA) detector [15]-[17]
and a LDPC decoder will jointly perform iterative decod-
ing. It will be shown later that the proposed system can
enhance the system performance considerably if compared
to the system without using the CITI code in iterative de-
coding, especially when the AD is high and/or the position
jitter is large.

The rest of this paper is organized as follows. Section 2

Copyright © 2015 The Institute of Electronics, Information and Communication Engineers
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explains the coded BPMR channel model, and Sect. 3 briefly
describes the proposed scheme. Simulation results are given
in Sect. 4. Finally, Sect. 5 concludes this paper.

2. Channel Description

Consider the coded BPMR system with the rate-4/5 CITI
coding scheme in Fig. 1. A message sequence u;. € {0, 1)
of length 3680 bits is encoded by a regular (3,27) LDPC
code[12] to obtain a sequence g, € {1} of length 4140
bits, where the parity-check matrix has 3 ones in each col-
umn and 27 ones in each row. Then, the sequence a; is split
into four data tracks {a;;}, which will be further encoded by
the CITI encoder [8] to obtain five data tracks {x;,;] before
recording them onto a medium.

The readback signal from the k-th data bit on the /-th
track can be written as

= Z" Zm hm,nxk—m,l—n + R, )]

where x;,’s are the recorded bits, and ny’s are additive-

white Gaussian noise (AWGN) with zero-mean and variance

a“;’;. Practically, A, ,’s are the coefficients of the 2D channel

response, which are obtained by sampling the isolated island

pulse response modeled as the 2D Gaussian pulse response

at integer multiples of the bit period T, and the track pitch
mTy 4+ Ay

T, according to 3], [4)
2
262 [( PW, )

)

PW,
where m and » are the time indices of the bit island in the
along-track and across-track directions, A = 1 is supposed to
be the peak amplitude of the pulse response, b = 1/2.3548 is
a constant to account for the relationship between PWsg and
the standard deviation of the Gaussian pulse [3], PWsg is the
pulse width at half of its peak value, A, is the along-track
location fluctuation (or position jitter [3]), A, is the across-
track location fluctuation, PW, is the PWsq of the along-
track pulse, and PW is the PWs of the across-track pulse.

hm,n =Aexp {_ !

(2
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Here, we assume that A, and A, are modeled as a truncated
Gaussian probability distribution function with zero mean
and variance o2, where o; is specified as the percentage of
7. In addition, {m,n} € (~L,...,0,...,L), where 2L + 1 is
the pulse length, and L is an integer. Although L should be
large enough to assure that the tail amplitude of the Gaussian
pulse is small, this paper uses L = 1 for simplicity.

At the receiver, the five data tracks {ry} are detected
by an array of five read heads simultaneously (or one read
head to detect these tracks one by one with an aid of buffer
memory). Then, the sequence {r;} is equalized by a 2D
equalizer followed by a modified turbo equalizer [17], {18],
which iteratively exchanges the soft information among a
modified 2D-SOVA detector, a soft CITI decoder/encoder,
and an LDPC decoder (implemented based on a message
passing algorithm [12] with 3 internal iterations). Specif-
ically, after the first global iteration (Ng = 1), the LDPC
decoder will feed back the log-likelihood ratio (LLR) of ai
(ie., A7) to the soft CITI encoder to produce the LLR of {x,]
(i.e., /1;,1) for the modified 2D-SOVA detector as the prior in-
formation. This process performs as many global iterations
as needed before the LDPC decoder outputs an estimated
message sequence ;.

3. Proposed Scheme

Consider the read head reads the data at the I-th track, and
the interference in the cross-track direction is limited to the
two adjacent tracks ({—1) and (/+1) as illustrated in Fig. 2. In
{81, [91, we found that the DITI occurs when the k-th bit of
the adjacent tracks differs from that of the I-th center track,
e [Xep-1 X0 Xpge1] is either [-1,1, -1 or [1,-1,1]. Itis
very important to note that these patterns may be changed
depending on the considered AD. Nevertheless, we found
that the ADs of 2.5 and 3.0 Tb/in® have the same DITI pat-
terns as stated before. Hence, the rate-4/5 CITI code [8]
maps every 4-by-1 data array [gyr, @1, Gr a2, Az 10 2
S-by—l codeword [xk’;, JC_;_-J.,.],xk‘]+2,x,(-,,'+3,).’k‘f+4] as giVﬁl‘l in
Table 1, such that [xy,j, X jr1, Xr,j+2] is neither [-1,1,-1]
nor [1,-1,1] for j € {I,I+ 1,1 + 2}. Additionally, the CITI
encoding and decoding processes are performed based on

Qg Ty
%, IDPC L% | cm =
encoder v > encoder { %
| ' :0
_ % | Lppec |, « Soft CITI [¢ E
h decoder | * decoder e e [—
( . " AWGN
Mg No )\:.Hs N Mores
» s Soft CITI
" »  encoder
A A

Fig.1

A coded BPMR channel model with the proposed soft-CITI coding scheme.
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Fig.2  Anexample illustration of the proposed rate-4/5 2D CITI modulation encoding scheme and
configuration of the regular array islands for 3.0 Thjin® under the isolated island’s pulse response.

Tablel A look-up table for the rate-4/5 2D modulation CITI encoding
scheme.

4-bit input data, ag; 5-bit codeword, X,
ip = Ar i3 X = Xkrd
-1 -1 -1 -1 -1 -1 -1 -1 -1
-1 -1 -1 1 (-1 -1 -1 -1 1
-1 -1 1 -1] -1 -1 -1 1 1
-1 - 1 1] -1 -1 1 1 -1
-1 i -1 -1 -1 -1 1 1 1
-1 1 -1 1| -1 1 1 -1 -1
-1 i I -1 -1 1 1 1 -1
-1 i 1 1] -1 | 1 1 1
1 -1 -1 -1 1 - -1 -1 -1
1 -1 -1 1 1 -1 -1 -1 1
1 -1 1 -1 1 -1 -1 1 1
1 -1 1 1 1 1 -1 -1 =1
1 1 -1 -1 1 1 -1 -1 i
1 1 -1 1 1 1 1 -1 -1
1 1 1 -1 1 1 1 1 -1
1 1 1 1 1 1 1 1 1

the look-up table [8), designed to avoid the data patterns
that easily cause the DITIL. The results are satisfactory for
the uncoded BPMR system; however, since the CITI coding
scheme operates on a hard decision basis, it cannot directly
be utilized in conjunction with the LDPC code.

Therefore, to employ the CITI code in an iterative de-
coding scheme, we propose a soft CITI coding scheme that
can be performed, based on Boolean logic circuits as shown
in Fig. 3. To explain how it works, we denote each set of 4-
by-1 input data array as [ag, @1. @2, 3] and its corresponding
5-by-1 codeword as [xp, x1, X2, x3, x4]. Hence, from Fig. 3,
the outputs of the CITI encoder can be expressed as

Xp = dyg,

X| = dpdy + a1az + aias + qpadaas,

Xy = dpay + ayas + aaz + dgaads, (3)
Xy = aally + dpds + @182 + fgd 183,

X4 = aydpds + q1aaa3 + 13za3 + ayapds,

where & is a complement of a. Similarly, the ontputs of the
CITI decoder can also be written as

0y G, ay @y I, T, Ty Ty T,
VYl VY
Ty
|
[] T
1 !
|
u Z
]
3

" Enceder Decoder

Fig.3 The rate-4/5 CITI encoder and decoder based on Boolean logic
mappings.

dp = XpX1 + XpX1,
] = X1Xz + X1X3 + XaXaX4 + XoX| X4

+ XoX2X4,
dy = X1X3 + X3X4 + xpx3 + X1 Xox3 4
+ xgx] X2 X3X4, @
ay = X1X3X4 + ToX3xs + XaX3x4 + X1x23%3
+ X1 XaX4 + Xy Xaxq + XoX1Xq + XpXaxy
+ XpX1X3Xq + XoX X2 X3 %4, .
Next, let us define the ILLR of the bit z as
Prlz; = 0]
LLR(z) = /1;“ =1In (P—H_I'[Zk - 1]) R (5)
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where In() is a natural logarithm function, and Prz] is
a probability of z; [12]. To perform the soft CITI encod-
ing/decoding process, we replace each data sample in (3)
and (4) by its corresponding LLR, Then, we apply the tech-
nique based on the min-max in Boolean logic circuit soft-
decision algorithm [13], [14}, comprising NOT, AND, and
OR gates, to produce the LLR output according to

LLR(A,42) = LLR(1; AND A3)

=~ max(d, A2), (6)
LLR(4; + A) = LLR(4; OR 1;) '
= min(4;, 4), 0)]

LLR(};) = LLR(NOT A)),
=4, &

where A and A; are the LLR inputs, and min(x) and max(x) '

functions return the smallest arid largest value in a vector
X, respectively. For example, the LLR of ay in (4) can be
computed by A7 = min{max{43, —47), max(4}, ).

4. Simulation Results

This paper makes a comparison among 1) the conventional
uncoded system (i.e., without ECCs) as used in [8], where a
rate-4/5 CITI code, five 2D equalizers, and five 2D Viterbi
detectors are employed; 2) the conventional coded system
without CITI code, where a coded sequence ap is written
onto a single track with random data on adjacent tracks, and
one 2D equalizer and one 2D-SOVA detector are used; and
3) the proposed system given in Fig. 1, where five modified
2D-SOVA detectors iterate soft information among them for

Nsova iterations [17] and the iterative decoding is performed

for Ng global iterations.

We consider the BPMR system in Fig. 1 at the AD of
2.5 Tb/in® (T, = T, = 16 nm) and 3.0 Thfin®> (T, = T, =
14.5 nm), where the along-track PWsg is 19.4 nm, and the
across-track PWsg is 24.8 nm, similar to [3], [8]. Then, we
define SNR as

SNR = 1010310( ! (9

ﬁ) ’
in decibel (dB), where ‘1° is assumed to be the peak ampli-
tude of the readback signal, and R is an overall code rate of
the system. For example, the 2D 3-by-3 symmetric target
for the AD of 2.5 Tb/in? is given by

002 020 0.02
2D Target = | 0.10 1.00 0.10 |,
0.02 020 0.02

(10)

and its corresponding 2D 3-by-7 equalizer are designed
based on a minimum mean-squared error approach {3}, [8] at
the SNR required to achieve the bit-error rate (BER) of 107,
Notice that the 2D SOVA. detector for this 3-by-3 symmetric
target utilizes the trellis which has 36 states with 6 parallel
branches between any two connected states [3], [8]. Each
BER point is computed using as many 3680-bit data sectors

IEICE TRANS. ELECTRON., VOL.E98-C, NO.12 DEGEMBER 2015

AD = 2.5 Thfin’

wnfliun Conventional uncoded system
& Conventienal coded system

~ = = Proposed (N =

o ¥ = Proposcd mm\';\: 2)

107} _ A - Proposed M=
e Proposcd ('Nﬂ= n .,
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4 5 6

SOVA

7 g
SNR (in dB)

Fig.4 BER performance of differant systems without position jitter at
the AD of 2.5 Thfin?.

as needed to collect at least 500 erroneous bits, which can
provide the sufficient statistics of the result. For instance,
at BER = 107, our simulation transmits the message se-
quence {u;) of at least 5 million bits into the recorded sys-
tem.

Figure 4 compares the BER performance of different
systems at the AD of 2.5 Thfin®> without position jitter,
ie., oj{Ty = 0%, where Ng = 1 denotes the system per-
formance at the output of the LDPC decoder on the first
pass. Clearly, without ECCs, the proposed system with
Nsova = 3 still provides a performance gain of about 1
dB at BER = 107 over the conventional uncoded sys-
tem. Additionally, a big performance gap can be obtained
when utilizing the CITI code in iterative decoding. Specif-
ically, at BER = 107*, the proposed system with Ng = 3
and Nsgva = 3 is superior to the conventional uncoded and
coded systems for about 4 dB and 1.8 dB, respectively.

Similarly, we also evaluate the performance of differ-
ent systems without position jitter at a higher AD, e.g., 3.0
Tbfin?, as illustrated in Fig. 5. In this case, we found that
the proposed system performs even better than the other sys-
tems. In particular, the proposed system with Ng = 3 and
Nsova = 3 yields a performance gain of about 4.3 dB and
3.5 dB over the conventional uncoded and coded systems,
respectively. This is because the CITI code prevents the de-
structive data patterns to be written onto a medium (i.e., the
forbidden data patterns will never be recorded), thus reduc-
ing the ITI effect {&], [9]. Consequenily, using the CITI code
in iterative decoding will provide significant performance
improvement.

Moreover, to verify that the proposed soft CITI cod-
ing scheme can be performed well when it encounters with
some media noise (e.g., position jitter), we plot the SNR
required to achieve BER = 10~ as a function of position
jitter amounts, as shown in Fig. 6, where the position jit-
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Fig.6  The SNR required to achieve BER = 10~* with several position
jitter amounts at the AD of 2.5 Thfin®.

ter amounts o ;/T, are varied from 0% to 5%. Again, the
proposed system outperforms the other systems, especially
when the position jitter is large. Accordingly, it can be im-
plied that the proposed system is worth employing in the
coded BPMR system.

5. Conclusion

In this paper, an approach for the soft-decision decoding of
the rate-4/5 CITI code has been proposed for BPMR sys-
tems, which is based on the LLR algebra implementation
in Boolean logic mapping and nses the min-max in Boolean
logic circuit soft-decision algorithm. Then, we propose to
combine the soft CITI code with a modified 2D-SOVA de-
tector and a LDPC decoder so as to jointly perform iterative

1191

decoding in the coded BPMR system. Apparently, simu-
lation results show that the system with our proposed soft
CITI coding scheme yields a good performance and per-
forms better than the conventional coded system without us-
ing the CITI code, especially when an areal density is high
and/or the position jitter is large. These significant results
additionally facilitate the fact that the ECCs with a rate-4/3
CITI code concatenation are desirable for the BPMR sys-
termn. '

Acknowledgements

This work was supported by the Thailand Research Fund
(TRF) and King Mongkut’s Institute of Technology Ladkra-
bang Research Fund, KMITL, Thailand. The authors would
like to thank Assoc. Prof. Dr. Pornchai Supnithi for his valu-
able suggestion.

References

[i] B.D. Terris and T. Thomson, “Nanofabricated and self-assembled
magnetic structures as data storage media,” J. Phys. D: Appl. Phys.,
vol.38, no.12, pp.R199-R222, June 2005.

[2] T.R. Albrecht, O, Hellwing, R. Ruiz, M.E. Schabes, B.D. Terris, and
X.Z. Wy, “Bit-patterned magnetic recording: Nanoscale magnetic
islands for data storage,” Nanoscale Magnetic Materials and Appli-
cations, J.P. Liu, E, Fullerton, O. Gutfleisch, D.J. Sellmyer, eds.,
pp- 237274, Springer, 2009.

[3] S. Nabavi, Signal processing for bit-patterned media channel with

inter-track interference, Ph.D. dissertation, Dept. Electr. Eng. Com-

put. Sci., Carnegie Mellon University, Pittsburgh, PA, USA, 2008,

S. Nabavi, B.V.K.V. Kumar, J.A. Bain, C. Hogg, and 5.A. Majetich,

“Application of image processing to characterize patterning noise

in self-assembled nano-masks for bit-patterned media,” IEEE Trans.

Magn., vol.45, n0.10, pp.3523-3526, Oct. 2009. '

[5] H.L Richter, A.Y, Dobin, O. Heinonen, K.Z, Gzo, RIM.VD.
Veerdonk, R.T. Lynch, J. Xue, D. Weller, P. Asselin, M.F. Erden,
and R.M. Brockie, “Recording on bit-patterned media at densi-
ties of 1 Thfin® and beyond,” IEEE Trans. Magn., vol.42, no.10,
pp.2255-2260, Oct, 2006,

[6] W. Busyatras, C. Warisarn, L.M.M. Myint, and P. Kovintavewat,
“A TMR mitigation method based on readback signal in bit-
patterned media recording,” IEICE Trans. Electron., vol.E98-C,
no.8, pp.892-898, Aug. 2015,

[71 A. Arrayangkool, C. Warisarn, and P. Kovintavewat, “A record-
ed-bit patterning scheme with accumulated weight decision for bit-
patterned media recording,” IEICE Trans. Electron., vol.E96-C,
n0.12, pp.1490-1496, Dec. 2013.

[8] A. Arrayangkool, C. Warisarn, and P. Kovintavewat, “A construc-
tive inter-track interference coding scheme for bit-patterned media
recording system,” J. Appl. Phys., vol.115, no,17, 17B703, 2014.

[97 P Kovintavewat, A. Arrayangkool, and C. Warisara, “A rate-8/9 2-D
modulation code for bit-patterned media recording,” 1EEE Trans.
Magn., vol.50, no.1 |, 3101204, Nov, 2014,

[10] €. Berrou, A. Glavieux, and P. Thitimajshima, “Near Shannon limit
error-corvecting coding and decoding: Turbo codes,” Proc. ICC 93,
vel.2, pp.1064-1070, May 1993.

[11] 8.B. Wicker, Error control systems for digital communication and
storage, Printice Hall, New Jersey, 1995,

[12] R. Gallager, “Low-density parity-check codes,” TEEE Trans. Inf.
Theory, vol.IT-8, pp.21-28, Jan. 1962.

[13] N. Djuric and M. Despotovic, “Soft-output deceding approach of
maximum transition run codes,” Proc. EUROCON "03, pp.490-493,
Nov. 2005,

[4

finr}



1192
[14]
(s}

. [16]

[i7]

f18]

tems.

N. Djutic and M. Despotovic, “Soft-output decoding in multiple-
head MTR e¢ncoded magnetic recording systems,” Proc, ICC 06,
pp.1255-1258, June 2006

J. Hagenauer and P. Hocher, “A Viterbi algorithm with soft-de-
cision outputs and its applications.” Proc. Globecom 89, val3,
pp. 1680-1686, Nov, 1989,

T. Losuwan, C. Warisam, L.M. Myint, and P, Supnithi, “A study
of iterative detection method for four-grain based two-dimensional
magnetic recording,” Proc. APMRC 2012, FT-7, Sept. 2012,

C. Warisarn, T. Losuwan, P. Supnithi, and P. Kovintavewat,
“An iwcrative inter-track interference mitigation method for two-
dimensional magnetic recording systems,” J. Appt. Phys., vol.115,
no.£7, 17B732, 2014,

A. Glavieux, C, Laot, and J. Labat, “Turbo equalization over a fre-
quency selective channel,” Prec. Int. Symp. Turbo Codes, pp.96—
102, Sept. 1997,

Chanon Warisarn received the B.Eng.
{Hon.} in Electronics Engineering Technology
from King Mongkut's University of Technology
North Bangkok (KMUTNB), Thailand in 2006,
the Ph.D, degree in Electrical Engineering from
King Mongkut’s Institute of Technology Lad-
krabang (KMITL}, Bangkok, Thailand in 2011.
He currently works at the College of Data Stor-
age Innovation (D*STAR), KMITL. His current
research interests are in the areas of communica-
tions and signal processing for data storage sys-

Piya Kovintavewat received the B.Eng.
summa cum laude from Thammasat Univer-
sity, Thailand (1994), the M.S. degree from
Chalmers University of Technology, Sweden
(1998), and the Ph.D. degree from Georgia Insti-
tute of Technology, USA (2004), all in Electri-
cal Engineering. He currently works at Faculty
of Science and Technology, Nakhen Pathom Ra-
‘ jabhat University (NPRU), Thailand. His re-
: ‘%& search interests include coding and signal pro-
cessing as applied to digital data storage sys-

tems. Prior to working at NPRU, he worked as an engineer at Thai Tele-

phone

and Telecommunication company (1994-1997), and as a research

assistant at National Electronics and Computer Technology Center {1999),
both in Thailand. He also had work experiences at Channel Depariment,
Seagate Technology Research Center, Pennsylvania, USA.

IEICE TRANS. ELECTRON., VOL.E98-C, NO.12 DECEMBER 2015



IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

Effect of hotspot position fluctuation to writing capability in heated-dot magnetic recording

This content has been downloaded from IOPscience. Please scroll down to see the full text.
2016 Jpn. J. Appl. Phys. 55 07MB01
(http://iopscience.iop.org/1347-4065/55/7S3/07MB01)

View the table of contents for this issue, or go to the journal homepage for more

Download details:

IP Address: 161.246.22.23
This content was downloaded on 31/07/2016 at 08:49

Please note that terms and conditions apply.



iopscience.iop.org/page/terms
http://iopscience.iop.org/1347-4065/55/7S3
http://iopscience.iop.org/1347-4065
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

Japanese Journal of Applied Physics 55, 07MB01 (2016)

REGULAR PAPER

http://doi.org/10.7567/JJAP.55.07MB01

Effect of hotspot position fluctuation to writing capability

in heated-dot magnetic recording

®

CrossMark

Warunee Tipcharoen', Chanon Warisarn'*, Arkom Kaewrawang?, and Piya Kovintavewat®*

College of Data Storage Innovation, King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand
2Magnetic Materials and Data Storage Research Laboratory, Khon Kaen University, Khon Kaen 40002, Thailand
3Data Storage Technology Research Center, Nakhon Pathom Rajabhat University, Nakhon Pathom 73000, Thailand

*E-mail: chanon.wa@kmitl.ac.th; piya@npru.ac.th

Received November 29, 2015; accepted April 15, 2016; published online June 16, 2016

This work presents the effect of hotspot position fluctuation to writing capability in heated-dot magnetic recording systems at an areal density (AD)
beyond 2 Tbpsi via a micromagnetic modeling. At high ADs, the hotspot and the write field gradient may not be correctly focused on the target
island because the bit islands are closely positioned to one another. This may lead to the overwriting/erasing of the previously written islands,
which can severely affect the recording performance. Therefore, this work studies the 3-by-3 data patterns that easily cause an error when the
hotspot and write head positions are fluctuated by various island pitches. Simulation results indicate that the data pattern that leads to the highest/
lowest error occurrence frequency is the one with the first, second and fourth islands having the opposite/same magnetization direction to/as the
write field, regardless of the magnetization direction of the third island. This result can, for example, be utilized to design a two-dimensional
modulation code to prevent such destructive data patterns, thus helping enhance the overall system performance.

© 2016 The Japan Society of Applied Physics

1. Introduction

The next generation of magnetic recording technology has
been expected to capable of storing digital data at multi-
terabit per square inch (Tbpsi).!” Heated-dot magnetic
recording (HDMR) is one of the promising technologies to
achieve an ultra-high recording density,” because it can
prevent the transition noise caused by zig-zag grain
boundary, and can improve the writability by temporarily
reducing the coercivity of magnetic media.*®

HDMR is a new technology that combines many
techniques employed in heat assisted magnetic recording
(HAMR),” bit-patterned media recording (BPMR),® shingled
magnetic recording (SMR),” and two-dimensional magnetic
recording (TDMR).!? However, there are still many parame-
ters that limit an achievable storage capacity,>'" such as
hotspot position fluctuation, the recorded-bit data pat-
terns,'>'> and so on. Recently, BPMR with a lollipop near
field transducer is investigated at about 1 Tbpsi. In practice,
the optical spot on the patterned media is better concentrated
than that on the continuous media. Additionally, the produced
hotspot size has been lower below 100nm and it can be
reduced by adjusting curved edges at the bottom of the peg.”

Practically, the inappropriate thermal distribution and write
head field gradient that cover the neighboring recorded bits
in both the along- and across-track directions can cause a
written-in error during the writing process.>!!"!) Therefore,
the effect of hotspot position fluctuation needs to be
investigated, and the durability of recorded-bit patterns
against this effect must be understood before writing the
data onto a magnetic medium. In this work, the position
jitters of hotspot and write head field have been examined by
the realistic micromagnetic modeling based on a finite
difference (FD) method.!”

2. Micromagnetic modeling and writing process

This paper considers an island size of 10 x 10 x 10nm?® and
an island pitch of 17, 15, and 13 nm, which correspond to the
areal densities (ADs) of 2.2, 2.8, and 3.8 Tbpsi, respectively.

07MB01-1

Because the bit islands become smaller, the thermal stability
must be compensated by utilizing a high anisotropy material
such as L1y-FePt.!® Nevertheless, this work considers the
material L1y-FePt with a magnetocrystalline anisotropy
constant (K,) of 4.6MJ/m? and a saturation magnetization
constant (M) of 1125kA/m,'” which can be obtained by a
magnetron sputtering method. Note that these values allow
the minimum stable grain size of about 2.8 nm at a thermal
stability of 60.'” In addition, an intradot exchange coupling
is set to be 12 pJ/m.?*:2D

The micromagnetic modeling procedure and how to
evaluate thermal effect on bit-patterned media via the
Landau-Lifshitz—Gilbert (LLG) equation®"?? can be summa-
rized as follows.

a) To generate a bit-patterned medium, we consider the
island size and pitch as mentioned above, which are used to
specify the geometric volumes of spaces or regions. Each
island region has a different easy axis that declines in range
of 0-20° with Gaussian distribution.

b) To create the magnetization state for all possible data
patterns as listed in the Table I, which is used to define the
initial magnetization of a medium before the fifth island is
being written. Note that this paper assumes that the first—
fourth islands are the previously recorded bits (i.e., there are
16 possible data patterns), and the fifth-—ninth islands are
initially assumed to be the bit “—1".

¢) To produce the write head field contour, the triangular
write pole is utilized with trailing and side shields, whose
dimension is 93.5nm wide (along-track) and 50.5nm long
(across-track) as shown in Fig. 1. The write field gradient
in the along-track direction is 500 Oe/nm, whereas that in the
across-track direction is 483 Oe/nm.?*?% After the magnetic
field amplitude was carefully investigated, we found that its
maximum value should be greater than or at least equal to
20kOe so as to obtain the error percentage (will be defined in
Sect. 3) below 10%.

d) To gradually reduce media coercivity, the heat from a
laser should be applied, where a thermal profile is Gaussian
in both directions according to>

© 2016 The Japan Society of Applied Physics
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Table I. Tllustration of all possible patterns of four previously recorded
bits.
Track Pattern 1 Pattern 2 Pattern 3 Pattern 4
Previous "y 0 L2 o1 1 1 -1
track
Curent ;) L1 Z1 o1 o1 =1 -1 =1 -1 -1
track

Next track -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

Track Pattern 5

Previous 0 L S0 0 1 21 o1 1
track
Current
track

Next track -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

I -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

Track Pattern 9 Pattern 10

Previous | | 1 -1 -1 -1 1 -1 =1 -1 -1 1
track
Current

track
Next track -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

-1 -1 -1 1 -1 -1 I -1 -1 1 -1 -1

Track Pattern 14

Previous

-1 1 -1 1 1 -1 -1 1 1 1 1 1
track

Current
track

Next track -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1

1 -1 -1 1 -1 -1 1 -1 -1 1 -1 -1

200

150

100

Across track (nm)

50

0 50 100 150 200
Along track (nm)

Fig. 1. (Color online) Write head field contour modeled with the
maximum amplitude of 20kOe,>® where the corner is used to magnetize the
fifth island.

2
T:Toexp<—r—21n2>, (1)
0

where T is the temperature (K), 7, is the maximum tem-
perature (K), r is the distance (m), and r is the full width at
half maximum of the thermal profile (m). Finally, a thermal
spot size of 70 nm is considered in this work, as demonstrated
in Fig. 2 (not scaled).?®

Because the L1j-FePt material is employed as a recording
layer of a bit-patterned medium and its Curie temperature, T¢,
is 750 K,2*27 then the highest recording temperature should

07MB01-2

| Previous track

13,15, 17 nm

L ‘ Next track

Fig. 2. (Color online) The island layout with 10 x 10 X 10nm? bit
volume heated by the Gaussian thermal profile (FWHM = 70 nm).

be lower than this limit. In addition, Chen et al.?® have tested
and measured an erasure temperature of L1y-FePt HAMR
media for a laser heating method. They found that the old
data can be completely erased at the temperature of 650K
with the laser power of 72mW. Thus, 650K is set to be the
maximum temperature (at a nucleus) for the writing process,
where a room temperature is 293 K.

Because we cannot compute the thermal effect directly
from the LLG equation, the Brillouin function is then taken
into account for M, calculation under the thermal effect
according to (in CGS unit)?3?

M(T) = Ms(0)|:2]2—; ! coth(zjz—; ! ﬂ) - %Jcoth(%)],

(2)
where M (0) is the M at room temperature, J is a total angular
momentum assumed to be 0.85, and S is defined as

ﬂ=3<r—%), 3)

and T¢ is set to be 750 K.
After My(T) is achieved, K (T) can then be obtained from

Ku(T) _ [M(D)]"
mmf[MmJ’

where K,(0) is the K, at room temperature, and »n is about 2
according to the parameters of FessPtys.'”

Figure 3 demonstrates the dependence of M and K, on the
temperature 7, where both M, and K, decrease as T increases.
This means that the magnetic property of a magnetic material
declines and it appears to be paramagnetic at 7¢. In addition,
the summation of magnetic moment vectors is approximately
zero when the magnetic field disappears. As a result, we have
modeled the writing process by using the thermal profile and
the bit-patterned medium, where the K, and M of magnetic
islands are calculated with different values corresponding to
the thermal profile expansion.

Furthermore, the heat and magnetic field pulses are
assumed to be constant every moment, where they are applied
until the energy of a torque term in the LLG equation is lower
than 0.01 A/m.>" Consequently, the calculation should be

“)

© 2016 The Japan Society of Applied Physics
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)(105

S

M (A/m)

o 200 400 600 800
T (K)

0 200 400 600 800
T(K)

Fig. 3.
T plotted via the Brillouin function.

(Color online) Dependence of (a) M and (b) K|, on the temperature
29)

considered complete. It should be pointed out that the torque
criterion is employed for determining a writing duration, and
a switching time will not be considered in this work.

To study the effect of hotspot and head field contour
position fluctuations, their deviations are modeled as a
Gaussian random variable. Additionally, the thermal profile
covers all 9 islands in both along- and across-track directions
as illustrated in Fig. 2. Then, the magnetic field of the
triangular head corner is applied to write the data on the
center bit (i.e., the fifth island) to be the bit “+1”, as
demonstrated in Fig. 1. It is very important to note that the
micromagnetic modeling is performed using the OOMMF
package®) based on the LLG equation, which has been
solved by the FD method, where the FD mesh used in the
calculation is 0.5 X 0.5 X 10 nm®.

3. Results and discussion

To identify results after the writing process, the principles of
a magnetization reversal after the writing process should
be described first. The magnitude of magnetic moment
vectors across all spins in an individual island and magnetic
domain are considered to be a criterion for a magnetization
reversal. Such a measured magnitude from an individual bit
should be above 50% of M, where it is decided to be a
complete magnetization switching. The magnetic domain is
also realized, which must be consistent with another one to
be double checked. Other cases will be decided to be an

07MB01-3

100
= S0r i
S
S o
?30 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
=
154 (a) [l island pitch = 13 nm
g 40 [island pitch = 15 nm
5 [island pitch = 17 nm
£ 20f ]
m
O B L B L L L L L B B B B L L L L
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
(b)
Pattern number
Fig. 4. (Color online) Error percentage as a function of data patterns at

three different ADs; (a) the hotspot and the main pole are moved together
within all nine islands’ area, and (b) both of the hotspot and the write head
positions are moved over the target island’s area (the fifth island).

incomplete magnetization reversal. We use this result to
specify two different states, i.e., bit “+1” and “—1".

The writing performance can be evaluated based on the
above definition. Moreover, an error is defined as the error
occurred from the writing process under heat, which can be
classified into two conditions. Firstly, the error occurs when
some previously recorded data are magnetized into different
states by the write head that is currently writing a bit on the
target island (i.e., the fifth island). Secondly, the error
happens when the bit cannot be recorded onto the target
island because of a drastic inaccuracy of hotspot and write
pole positions. For example, for each data pattern (see
Table I), we rewrite the bit on the target island for 100
rounds. After recording the target bit, we evaluate the error
according to the criteria mentioned above. Then, for each
round, if any or both of the two conditions have occurred, it
will be counted as one error. Therefore, for each data pattern,
the sum of all errors will be multiplied by 100% to obtain “an
error percentage’.

3.1  Worst case of position fluctuations

The center of the hotspot position is fluctuated with respect to
a main pole, which can move to any location within nine
islands. For each data pattern based on the previously
recorded bits, we apply the magnetic field to write the bit
“+1” on the fifth island, and then investigate the written-in
error that might have occurred within the surrounding bits
(caused by the thermal expansion).

Figure 4(a) shows the error percentage as a function of
data patterns at three different ADs. Clearly, they have an
error percentage close to one another and the maximum one
is close to 90%. The main cause of this error comes from the
target island that could not be recorded. Furthermore, it
seems that the thermal and head field gradients may lead
to overwriting in some previously written tracks and bits
(mostly in the second and fourth islands) because of severe
position fluctuation and large thermal spot size.

Additionally, we found that when the magnetization
directions of the second and fourth islands are opposite to
the direction of the write field, it will definitely cause the
written-in error. The error percentage can be decreased when
the second or fourth island has the same magnetization
direction with the write field (i.e., same as the magnetization
direction of the fifth island). Moreover, when the second and

© 2016 The Japan Society of Applied Physics
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fourth islands have the same magnetization direction with the

write field, it will yield the lowest error percentage. 2
3
3.2 Position deviation improvement 4;
To approach the “error free” in the HDMR writing process
and to make the simulation model more realistic, the g;
fluctuations of hotspot and head positions are adjusted to
be within the target island’s area. Figure 4(b) demonstrates 7)
that the error percentage greatly drops and decreases below
10% for the island pitches of 15 and 17 nm, while the error
percentage drops to around 21-24% for the island pitch of 8)
13 nm. Although the position fluctuation has been improved,
the cause of error is still similar to that described in
Sect. 3.1. To obtain a lower error percentage, the deviation 13;
of hotspot and head positions should be smaller than the
island area. In this case, the second and fourth islands are 11)
often overwritten, which is resulted from a very high write
field gradient even if an island pitch is increased. In addition, 12)
we also found that the cause of error from the first and third
islands may be neglected because the thermal distribution  13)
and the write field gradient that cover these bits are
insufficient. 12;
Decreasing the hotspot size is also one of the choices to  1¢)
prevent the written-in error, which depends on the optical
design. Because the shingled writing technology is used, the  17)
hotspot and head position can move in any direction while
the target island is being written. Thus, optimizing the g
thermal profile and the write field gradient should also be
taken into consideration. 19)
Consequently, given the optimal writing temperature and 20)
write head field gradient, the written-in error in HDMR
systems can be alleviated by avoiding some data patterns to  21)
be written onto a medium. This can be achieved by applying
a two-dimensional modulation code on the input data before 2)
recording as proposed in Ref. 32.
4. Conclusions 23)
The written-in error occurred during the writing process of
HDMR has been studied using a realistic micromagnetic o4y
simulation at the AD beyond 2Tbpsi. Simulation results
show that the error percentage is increased with a decrease of
island pitch (i.e., AD is increased). Then, to reduce this error, 25)
the position deviation has been improved by allowing the
hotspot position to move within the target island’s area. The
other ways to decrease the error during the writing process  27)
include using a smaller hotspot size, writing the media at 28)
lower temperature, and utilizing the two-dimensional mod-
ulation code to prevent the data pattern that easily cause a  29)
written-in error.
30)
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Abstract—Heated-dot magnetic recording (HDMR), which employs the laser to heat a bit-patterned medium before record-
ing data, is a promising technology to achieve an ultra-high recording density. Generally, many parameters can cause an
error during the writing process in an HDMR system; however, this letter investigates only the effect of bit island volume, bit
island position fluctuation, and hotspot position fluctuation. Specifically, three bit island volumes are considered, i.e., 1100,
860, and 620 nm?3. In addition, we also study the 3-by-3 data patterns that easily cause an error when the hotspot and
write head positions have fluctuated. To achieve an error-free writing process, the heating temperature is studied using
the Brillouin function for thermal calculations. Implementation of treating the hotspot and evaluating the thermal effect
is explicitly described. Simulation results indicate that the smaller the position variation, the lower the error percentage.
Moreover, we found that the error percentage is decreased as the heating temperature is increased. Finally, it is apparent
that the smaller the island volume, the lower the error percentage.

Index Terms—Information storage, bit-patterned media, heat-assisted magnetic recording, write errors.

[. INTRODUCTION

To achieve an extremely high areal density (AD) in magnetic
recording systems, we need to overcome two hindrance parameters
encountered in a conventional magnetic recording system, namely a
superparamagnetic limit and magnetic transition noise. A bit-patterned
medium (BPM) is one promising technology for solving these two
problems; however, the thermal stability of BPM could still be a con-
cern. This results from the use of high magnetocrystalline anisotropy
(K,) material such as L1,-FePt, which is generally adopted as a mag-
netic medium. Practically, a high K, medium also requires a high
magnetic field strength to record the data onto a medium. Nonetheless,
a current write field value cannot exceed the limit of about 24-25 kOe
[Fang 2014]. Thus, a medium coercivity must be reduced before
recording data. This can be done by utilizing a heat-assisted mag-
netic recording (HAMR) technology, where the laser is employed to
heat a medium at near the Curie temperature before writing the data. In
practice, the thermal spot size is a challenge of the HAMR technology
[Kyder 2008] because it normally determines the AD (i.e., the smaller
the spot size, the higher the AD).

Recently, a new technology known as heated-dot magnetic record-
ing (HDMR) [Ghoreyshi 2014, Tipcharoen 2016] is employed to en-
able the AD up to 10 Terabit per square inch (Tbpsi). The HDMR
technology combines the techniques used in HAMR with BPM and,
possibly, two-dimensional magnetic recording (TDMR) [Lin 2013].
Practically, the heat is applied on the island while the data bit is being
written. In general, the inappropriate thermal distribution and write
head field gradient that cover the neighboring recorded bits in both
down- and cross-track directions can cause a written-in error during
the writing process. Additionally, this written-in error can result from
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bit island position jitter, main pole position fluctuation, heat spot po-
sition, and so on [Lin 2013, Asbahi 2014, Vogler 2016]. Therefore,
the durability of recorded-bit patterns against these effects should be
understood before recording the data onto a medium.

In this letter, we investigate the effects of heat spot and bit island
position fluctuations in the HDMR system. We also analyze the ef-
fect of island volumes at various heating temperatures. The thermal
effect on BPM is evaluated via the Brillouin function [Thiele 2002,
Akagi 2012], which is the relationship between a magnetic material
and temperature. Then, the micromagnetic simulation is utilized based
on the Landau-Lifshitz—Gilbert (LLG) equation [Donahue 1999,
Zhang 2012].

The rest of this letter is organized as follows. Section II describes a
micromagnetic modeling. Simulation results and discussion are given
in Section III. Finally, Section IV concludes.

II. MICROMAGNETIC MODELING

We consider micromagnetic modeling based on the LLG equation.
Three cylinder bit island volumes are considered, i.e., 1100, 860, and
620 nm?, which will be referred to as large, moderate, and small
volume, respectively, and the thickness of all cases is set to 10 nm.

The island pitch of both down- and cross-track directions is
15 nm, corresponding to the AD of 2.86 Tbpsi. The high anisotropy
material L1,-FePtis used as a magnetic medium with K, of 4.6 MJ/m?,
the saturation magnetization, M, of 1125 kA/m [Thiele 2002], the ex-
change coupling intra-island of 12 pJ/m [Wang 2011, Zhang 2012],
and the Curie temperature, 7, of 770 K [Thiele 2002].

The thermal evaluation via micromagnetic simulation in this work
can be summarized as follows.

1) The bit-patterned layout specifications are created according to
the three island volumes, where each island has different easy axis
declined between 0° and 20° [Tipcharoen 2016].
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Fig. 1. Write head field contour with the maximum amplitude of 20 kOe
[Yamashita 2012], where the corner is used to magnetize the target bit
island (i.e., the 5th bit island).

Table 1. All possible data patterns associated with the four previously

recorded bits.
Track Pattern 1 Pattern 2 Pattern 3 Pattern 4
Written-track -1-1-1 -1-11 1-1-1 1-11
Current-track -1-1-1 -1-1-1 -1-1-1 -1-1-1
Next-track -1-1-1 -1-1-1 -1-1-1 -1-1-1
Track Pattern 5 Pattern 6 Pattern 7 Pattern 8
Written-track -1 1-1 111 11-1 111
Current-track -1-1-1 -1-1-1 -1-1-1 -1-1-1
Next-track -1-1-1 -1-1-1 -1-1-1 -1-1-1
Track Pattern 9 Pattern 10 Pattern 11 Pattern 12
Written-track -1-1-1 -1-11 1-1-1 1-11
Current-track 1-1-1 1-1-1 1-1-1 1-1-1
Next-track -1-1-1 -1-1-1 -1-1-1 -1-1-1
Track Pattern 13 Pattern 14  Pattern 15 Pattern 16
Written-track -1 1-1 111 11-1 111
Current-track 1-1-1 1-1-1 1-1-1 1-1-1
Next-track -1-1-1 -1-1-1 -1-1-1 -1-1-1

2) We consider a 3-by-3 data array as shown in Fig. 1, where we
assume that all 9 bits have the initial magnetization of “—1” or pointed
down in the —z direction. Then, we define the 5th bit island as the
target bit where the data will be written, the 1¥—4th bit islands are
the previously recorded bits, and the 6th-9th bit islands are the next
written bits. Thus, there are 16 possible data patterns that will be
studied in this work, as given in Table 1.

3) The triangular write pole, whose cross- and down-track dimen-
sions are 50.5 nm and 93.5 nm, respectively [Yamashita 2012], is
used to write the data onto a medium. In addition, the gradient fields
in cross- and down-track directions are 483 and 500 Oe/nm, respec-
tively, where the highest field magnitude is set to be 20 kOe. Then, we
assume that the magnetic field of the triangular head corner is applied
in the 4z direction to magnetize the bit “+1” onto the target bit (i.e.,
the Sth bit island), as illustrated in Fig. 1.

4) The temperature effect on the coercivity of the heat-assisted
medium is calculated via the Brillouin function, which reveals the
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Fig. 2. (a) My and (b) K, of the L1y-FessPtys material depending on

temperature, where the K, and M, at room temperature are 4.6 MJ/m?
and 1125 kA/m, respectively [Thiele 2002, Akagi 2012].

relationship among K, M, and temperature. Here, the thermal profile
is assumed to be a Gaussian shape given by 7" = T, exp(0.69318 x
(—r?/r¢?)) where Ty is the maximum temperature (K), r is the distance
(m), and ry is the full width of the thermal profile at half its maximum
(approximately 35 nm) [Xu 2012]. While the bit islands are being
heated, the K, and M, of each area will be different according to the
Brillouin function [Thiele 2002, Akagi 2012], i.e.,

M(T) = M,(0) |:212—; ! coth <2J + 1ﬁ> — L coth <£>]

2J 2J 2J
(D
where S is the relationship between 7" and 7., defined as
p=3(1-L @
= o
and
Ku(T) [M(T)7" 3)
K, (0) | M\(0)

where M (0) = 1.125 MA/m and J = 0.85 are the M, at room tem-
perature (293 K) and an angular momentum, respectively. Note that
the n factor of the magnetic thin film of L1y-FePt series normally
is approximately 2 [Thiele 2002]. In general, the dependence of K,
and M, on the temperature can be obtained from (3) as illustrated in
Fig. 2. Clearly, both of them will be zero when the temperature reaches
770 K (i.e., at T;), which implies that this material cannot be utilized to
record the data. Therefore, the heating temperature used in the actual
drive should be lower than 7. For example, the large thermal spot size
will have the temperature distribution covering a wide area, which in
turn affects all surrounding bit islands. This may cause the neighbor-
ing islands to be overwritten if the heat and magnetic field are high
enough. Therefore, this is definitely one of the writing error sources.
Additionally, we consider the case where the heat and magnetic
field pulses are constant like a rectangular pulse. The energy of the
torque term in the LLG equation is used as a criterion to determine
when the calculation is finished. In our simulation, the calculation will
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be finished when the energy is less than 0.01 A/m. Hence, this work
will not refer to a switching time.

Ill. RESULTS AND DISCUSSION

We investigate the error that results from a magnetization reversal
in either the target or the previous recorded islands during the writ-
ing process. Specifically, the magnetization across all spins in each
island should lay in the saturated direction. This means that the mag-
netization of the target island must have the same direction as that
of the applied field, whereas the magnetization of the four previously
recorded islands must also have the same magnetization direction as
given in Table 1.

After the writing process, the magnetic domains of the 1st-5th
islands are observed. Specifically, the error occurs when the target
island cannot be written and/or at least one island of the four previously
recorded islands is overwritten. In simulation, we rewrite the same bit
on the target island 1000 times, where the four previously recorded
bits are randomly chosen at each time. Then, we count the number of
errors and average them to obtain the error percentage.

We consider only the error that occurs from the following three
cases: 1) Case A, where the bit island position fluctuates with a fixed
write pole at the center of the ideal target island; 2) Case B, where
the main pole position fluctuates within the target island area with the
perfect staggered bit island arrangement, and 3) Case C, where both
the bit island and main pole positions fluctuate. The results can be
explained as follows.

A. Bit Island Position Fluctuation

The imperfection of the bit island arrangement is one of the me-
dia noise sources that can affect the performance of reading/writing
processes [Nutter 2008]. In this case, the main pole is fixed above the
center of the ideal target island as shown in Fig. 1, and only the bit
island position fluctuates within +2 nm from the center of its ideal
island position according to Gaussian distribution.

Fig. 3(a) shows the error percentage based on three different is-
land volumes in the presence of island position jitters. The error de-
creases as the heating temperature increases. In addition, all island
volumes provide a similar error percentage at low temperature (e.g., at
650 K) but they have different results at higher temperature. Specifi-
cally, a small-volume island yields the lowest error percentage when
compared to other island volumes, and it is possible to have an error-
free writing process when the heating temperature is at least 670 K.

B. Main Pole Position Fluctuation

In this case, the bit island arrangement is assumed to be perfect
without position jitter. Only the center of the main pole fluctuates
within the target island area according to Gaussian distribution. Note
that in this letter the center of the heat spot is moved together with the
main pole.

The error percentage of various island volumes in the presence
of main pole position fluctuation is displayed in Fig. 3(b). Clearly,
the error percentage is maximum at 650 K for all cases because the
temperature is not high enough to record the data onto a medium.
Notice that the error in Case B is more severe than that in Case A
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Fig. 3. Error percentage of (a) Case A, (b) Case B, and (c) Case C. It
should be noted that the results are considered under the condition that
the main pole can only move within the target island area, and each bit
island cannot be overlapped one another. Heating temperature (K).
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Fig. 4. Error percentage of the moderate-volume island with various
main pole position variations.

because the position variation of the main pole is larger than that of
the bit island. Again, the smaller the island volume, the lower the
error percentage. Also, the error decreases as the heating temperature
increases, and the error-free writing process can be achieved when the
temperature is above 700 K. We also studied the effect of different
island shapes (i.e., square, circular, and hexagonal), but with same
volume, main pole position variation, and data density. We found that
the error during the writing process does not depend on the island
shape.

Next, we investigated the effect of the main pole position variation
as shown in Fig. 4, where the moderate-volume island is chosen as
for an example. It is evident that the higher the position variation (i.e.,
45 nm), the larger the error percentage. In addition, we found in this
study that when the main pole position variation is confined within
41 nm, the error percentage will decrease rapidly when the heating
temperature exceeds 660 K, whereas the data cannot be recorded on
the island when the heating temperature is below 650 K.
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C. Main Pole Position Fluctuation With Imperfect Bit
Island Arrangement

In this case, both of the bit island and main pole positions fluctuate
within +2 nm and %5 nm, respectively, according to Gaussian distri-
bution. As demonstrated in Fig. 3(c), the error percentage in this case
(Case C) is definitely higher than both Case A and Case B, regardless
of the heating temperature. Similarly, the error percentage decreases as
the heating temperature increases. We also found that when the heat-
ing temperature is changed from 670 K to 680 K, the error percentage
of the large- and moderate-volume islands can be reduced by about
50%, whereas that of the small-volume island is decreased by about
90% and its error percentage becomes zero at 690 K. Additionally, it is
apparent that the error percentage of the large- and moderate-volume
islands can be below 10% when the heating temperature is at least
680 K and the error-free writing process can be achieved at 710 K.

It should be pointed out that all results show that the error in this
work comes from the fact that the target island cannot be written.
With the L1y-FePt material as a magnetic medium, all data patterns
in Table 1 yield similar error percentage. However, we found that if
another material with a lower K, is used, different data patterns will
lead to different error percentages. In any case, we found that the
error percentage can be decreased when the heating temperature is
increased. Although a higher temperature can yield a lower error, cau-
tion is needed because the high temperature may destroy overcoat and
lubricant layers. Practically, a recording layer is mostly made from fer-
romagnetic materials and its behavior will become like paramagnetic
materials at 7.

IV. CONCLUSION

In this letter, we investigate the effect of island volumes and heat
spot position fluctuations based on the micromagnetic simulation of
HDMR at an areal density of 2.86 Tbpsi. The thermal calculation is
handled by the Brillouin function and the magnetization motion is
solved by the LLG equation. We also explain how to treat the heat
spot and evaluate the thermal effect in the LLG equation. All possible
16 3-by-3 data patterns associated with the four previously recorded
islands are considered, but these bits have no effect on the writing
process. Simulation indicates that the main cause of errors in the
writing process comes from the fact that the target bit cannot be written
successfully. Moreover, the smaller the island volume, the lower the
error percentage, and the error percentage decreases as the heating
temperature increases. Specifically, an error-free writing process for
Case A and Case C can be obtained when the heating temperature
approximately exceeds 670 K and 710 K, respectively, whereas that
for Case B can be obtained when the position variation of the main
pole is less than 1 nm with the heating temperature above 670 K.

We also analyzed the effect of different island shapes (i.e., square,
circular, and hexagonal), and found that the island shape has no effect
on error during the writing process.
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