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ABSTRACT

magnetic_recording. (TDMR)._system._ Therefore,_in _this paper. proposes. an accurate medium. modeling

method.of granular. medium with_non-magnetic grain boundaries using_an application. of image_processing,

magnetized medium is shown that the proposed magnetized medium is_more closely.related to_the actual

one, which._contains more_realistic_grains. with _non-magnetic_grain _boundaries. than. the_existing. grain

meodelingmethods. . S N e e £F

Keywords: two-dimensional magnetic recording (TDMR), grain structure, granular medium, image processing.
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Iterative Detector (Nsova =3)
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Abstract

In two-dimensional magnetic recording (TDMR),
the readback signal is obtained by convolving the read
head sensitivity function with a magnetized medium.
Thus, a good model for generating the grain structure
of the medium together with a method to magnetize the
data bits onto such a medium are becoming increasingly
important. Therefore, we propose a magnetized grain
modeling method for TDMR, where the image of real
magnetic grains is used to construct the magnetized
medium. It is shown that the proposed magnetized
medium is more closely related to the actual one, which
contains more realistic grains with non-magnetic grain
boundaries, than the existing grain modeling methods.

Keywords: Grain structure, image processing, magnetic
medium, two-dimensional magnetic recording (TDMR)

1. Introduction

TDMR is a promising technology for future hard
disk drives (HDDs) because it can achieve an areal
density up to 10 Tb/in® by storing one data bit per few
magnetic grains [1]. The performance degradation of
TDMR systems depends not only on the severity of
two-dimensional (2D) interferences but also on the
grain size effect in a magnetic medium. Then, having
an accurate model to generate a realistic magnetized
medium is of great importance, because the TDMR
readback signal is obtained by convolving the read head
sensitivity function with the magnetized medium.

Several methods to generate the magnetic medium
used for TDMR have recently been proposed [2, 3],
which are based on a continuous/discrete Voronoi model
and a discrete grain model. In addition, an accurate
medium modeling method for a discretized granular
medium V\;ith non-magnetic grain boundaries was
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presented in [4]. Nonetheless, all of them rely on many
mathematical techniques to construct the medium (such
as a Voronoi based modeling), which are complicated
and yield unrealistic grains for the medium.

Therefore, we propose a magnetized grain modeling
method based on the image of real magnetic grains by
using some image processing techniques. Specifically,
the proposed method can generate a more realistic
magnetized medium with non-magnetic grain boundaries
by applying the blob feature extraction technique [5]
to demarcate the grains. In addition, our method is
relatively easy to implement in terms of signal
processing development.

2. Proposed Method

The magnetized grain modeling method based on
the image of real magnetic grains is shown in Fig. 1,
which consists of four steps, i.e., 1) preprocessing the
image to enhance its quality; 2) generating a random
binary data sequence; 3) assigning the binary data bits
onto the image; and 4) applying a blob feature extraction
algorithm to map the data bits onto the medium.

' A-digital image of real magnetie sram
—

Proposed el

i reprocessing the image ta enhance s gqualin
| o : >

Nagnetized mediym

Fig. 1 A block diagram of the proposed method
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Fig. 2 (a) The image of an actual medium, and (b) the image
obtained from an enhancement process (with WxH pixels).

(b)

(©)

Fig. 3 The medium image representation of (a) a color image,
(b) a grayscale image, and (c) a binary image.

Basically, to make the medium modeling process
more reliable and similar to the characteristics of the
actual medium used in HDDs, we utilize the digital
image taken from a real magnetic medium (see Fig.
2(a)) as the input for our proposed method. In general,
the image taken from an actual medium is in color.

In general, a color image is consisted of red, green,
and blue colors (see the color image representation in
Fig. 3(a)). Nevertheless, the color image is more
complexity, needs more processing power, and is
unnecessary for our purpose. Therefore, we convert
this color image into a grayscale image. Note that the
value of each pixel of the grayscale image is a range of
monochromatic shades from black to white. Then, a
grayscale image contains only shades of gray, which
has 256 levels calculated by red, green, and blue color
values (see grayscale image representation in Fig. 3(b)).
Finally, the grayscale image will be changed to a binary
image-by using a thresholding method according to

1, if g(x,y)2n

. , 1
0, if g(x,y)<n

f(X,)’)‘—‘{

where f(x,)) and g(x,y) are the 2D function of the digital
image at the x-th row and y~th column pixel, respectively,
and 7 is a threshold value. Because a binary image is
clearly separated between two interesting objects, the
value of each pixel of a binary image is only zero or one
(see binary image representation in Fig. 3(c) and Fig.

2(b)).
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Fig. 4 A random binary data sequence pattern (example Ny
= 3, N, BT 6)

For the thresholding method, we define a threshold
value of 128 (in decimal number) or ‘10000000’ (in
binary number) because it is a middle value of the
grayscale level in grayscale image processing. Then, if
the pixel value of a grayscale image is greater than or
equal to a threshold value, we set it equal to ‘0> (or
black). On the other hand, if the pixel value of a
grayscale image is less than a threshold value, we set it
equal to ‘1” (or white).

Next, we generate a random binary data sequence
and specify the number of tracks (N7) and the number
of bits per track (Np7) that will be used on a given
medium image pattern in Fig. 4.

The two important parameters in this process are the
number of pixels per bit in width and in height of the
medium image, which can be computed from

s ®
BIT
and
H ~
Hy, N, ®

where Wz, and Hg, are the number of pixels per bit in
width and in height, respectively. These two equations
describe the relationship between the total numbers of
pixels along the image’s width (W) and height (H), and
specify the pattern of a random binary data sequence
(A’T and NB/T)~

Fig. 5 shows an example of assigning the data bits
onto the image of WxH pixels, when (a) for one track
with 10 bits and (b) for two tracks each with 8 bits. It
should be noted that one data bit covers a group of grains.
Therefore. an XOR operation is employed to magnetize
the data bits in Fig. 5 onto the medium image in Fig, 2(a)
as demonstrated in Fig. 6.

The XOR operation is a logical image processing
technique, which takes two binary inputs, and outputs
‘0’ only when both the inputs have same value (i.e.,
either both inputs are ‘0’ or ‘1°), and ‘1’ if both inputs
have different values. The detail of XOR operation is
shown in Table 1 and Fig. 7.



(@)

Fig. 5 An example of assigning data on the image when (a)
Ny=1 and Npr=10, and (b) Ny =2 and Nz,=8.

(a) (®

Fig. 6 A magnetized medium after using XOR operation
when (a) N7= 1 and Npr= 10, and (b) Ny=2 and Ngr=8.

(a) (b)

Fig. 7 The XOR operation of logical image processing.

(c)

Table 1: XOR operation.

i (a) Image A (b)ImageB () AXORB |
White White Black
White Black White
Black White White
Black Black Black

The mapping in Fig. 6 is still not good because the
grains at the boundary of bit ‘0’ and ‘1 are not fully
magnetized. To make it is more accurately, we propose
to use the blob feature extraction algorithm [5] to refine
the magnetized grains.

The blob feature extraction algorithm (Also known
as connected component analysis, region labeling, blob
discovery, or region extraction) is an algorithmic
application of image processing and computer vision
techniques, where the subsets of connected components
are uniquely labeled based on a given solution. Then,
we use the m-connected component algorithm [6] (where
m is a number of pixel neighbors in an m-connected
pattern centered at p) to detect the connected regions
and label them in binary images. Generally, this
algorithm is suitable for small object extraction in the
image. For example, Fig. 8 shows the pixel relationship
of the 4-connected pattern and the 8-connected pattern,
respectively.
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(@) (b)

Fig. 8 (a) The 4-connected pattern: a pixel has four horizontal
and vertical neighbors; and (b) the 8-connected pattern: a
pixel has four horizontal, four vertical, and four diagonal
neighbors, where p is a center of m-connected pattern.

1|00 i|o]o
0 [ 0 m-—x
0]1|o o170

(2) ®)

Fig. 9 The result of (a) 4-pixel connectivity, and (b) 8-pixel
connectivity.

The example result of m-connected component
algorithm as shown in Fig. 9, where we scan an input
image and group its pixels into the components based
on m-pixel connectivity, (i.e., all pixels in a connected
component will share similar pixel values and are in
some ways connected with each other). Specifically,
all pixel connectivity groups are determined, and each
group is labeled as a number. It was assigned to
extracting the disjoint area and labeling the connected
pixel region in the image.

The m-connected component labeling works by
scanning an input image, pixel-by-pixel (from top to
bottom and left to right) so as to identify the connected
pixel regions, i.e., the regions of adjacent pixels which
share the same set of pixel values. As a result, for our
proposed method, we use a medium binary image,
where we are interested in the black connected pixel
regions ¥V = {0} (represents a magnetized grain area)
and extract the white connected pixel regions to be the
disjoint area (represents a boundary of grain area) by
using the 4-conneted pattern.

The 4-connected component labeling operator scans
the image by moving along a row until it reaches to a
point p for which ¥ = {0}, where p denotes the pixel to
be labeled at any stage in the scanning process. When
this is true, it examines the four neighbors of p, which
have already been encountered in the scanning process
(i.e., the neighbors (i) to the left of p, and (ii) above it).
Based on this information, the labeling of p occurs as
follows:



Fig. 10 (a) The 4-connected pattern, (b) a part of media
image, and (c) the labeling result.
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Fig.11 How to find the center of grain / for decision area to
write a random sequence.

Fig.12 The magnetized medium after the blob feature
extraction algorithm when (a) Ny =1 and Np7 = 10, and (b)
N; T= 2 and NB/[‘= 8.

o if all four neighbors are ‘0°, we assign a new label
to p. else

e if only one neighbor has ¥ = {0}, we assign its
label to p, else

¢ if more than one neighbors have V= {0}. we assign
one of the labels topand make a note of the
equivalences.

After completing the scan, the equivalent label pairs
are sorted into the equivalence classes, and a unique
label is assigned to each blob is shown in Fig. 10(c).
As a final step, a second scan is made through the
image, during which each label is replaced by the label
assigned to its equivalence blobs. For displaying, the
labels might be in different gray levels.

For the last process in our proposed, we find the
center of each grain (or each blob). The number of
grains (i) is checked by a specific grain area of the
medium image sequence in four directions provided
that any grain component has same pixel value in four
directions surrounding it. Hence, the area of each grain
will be expanded until it is large, and will be stopped
when the area detect grain’s boundary. The three
parameters of each grain are extracted such as the total
pixel of each grain, the pixel position of each grain,
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and the center of the grains. Fig. 11 shows the center
of the grain j in the row direction (x;) and the center of
the grain /i in column direction (3;), which can be
calculated by the pixel position of each grain.

1t is apparent that all grains at the boundary of bit
‘0’ and ‘I’ are fully magnetized according to the
recorded data bits as shown in Fig 12. Consequently, it
can be concluded that the proposed method can generate
the magnetized medium, which closely resembles the
actual magnetized medium found in HDDs.

3. Conclusion

The magnetized grain modeling method for two
dimension magnetic recording (TDMR) was proposed,
where the image of real magnetic grains is used to
construct ‘the magnetized medium. Therefore, the
proposed magnetized medium is more closely related
to the actual magnetized medium found in HDDs.
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At high recording density, the readback signal of two-dimensional magnetic recording is
inevitably corrupted by the two-dimensional (2D) interference consisting of inter-symbol
interference and inter-track interference (ITI), which can significantly degrade the overall system
performance. This paper proposes an iterative ITI mitigation method using three modified 2D
soft-output Viterbi algorithm (2D-SOVA) detectors in conjunction with an iterative processing
technique to combat the 2D interference. The codeword of the outer code is divided and then
written on three separate tracks. For every iteration, all 2D-SOVA detectors exchange the soft
information to improve the reliability of the a priori information and use it in the branch metric
calculation, before feeding the refined soft information to the outer decoder. Simulation results
show that the proposed method outperforms the conventional receiver and the existing partial ITI

Trk el IS Comy

mitigation method. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4866849]

I. INTRODUCTION

Two-dimensional magnetic recording (TDMR) by shin-
gled magnetic recording’ is a promising technology for realiz-
ing an areal density (AD) toward 10 Tb/in?, which attempts to
store one channel bit in few grains of a magnetic medium so
as to reach about 1/2 data bits per grain.' When reproducing a
shingle-recorded data sequence by a wide reader, the readback
signal is severely corrupted by the two-dimensional (2D) in-
terference, consisting of inter-symbol interference and
inter-track interference (ITI), which can deteriorate the system
performance considerably. Generally, there are two techni-
ques proposed to mitigate the 2D interference, namely, an ITI
cancellation method®” and a multi-track detection method.*’
For example, a partial ITT mitigation method (PIMM)? used
the bit estimates from the low-density parity-check (LDPC)®
decoder as partial ITI estimates for the branch metric calcula-
tion in the modified soft-output Viterbi algorithm (SOVA)’
detector. In addition, the multi-track detection* was intro-
duced to recover only the user data on the center track, but
did not mention how to recovery the user data from adjacent
tracks in a multi-track recording system. This paper proposes
an iterative ITI mitigation method to alleviate the severe 2D
interference in a coded TDMR channel.

. CHANNEL MODEL

Fig. 1 illustrates the TDMR system based on a discrete
Voronoi-grain model.® An input data sequence x; € {0,1}
with bit period T, is encoded by an LDPC encoder and is
mapped to a coded sequence a € {1}, which will then be

“Author to whom comrespondence should be addressed. Electronic mail:
piya@npru.ac.th
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split into three adjacent tracks {ay;—1, ar ), ar 41} With track
pitch T, for recording onto a magnetic medium. In this paper,
we consider the medium, approximately with the grain size of
4.6 nm diameter and the non-magnetic boundary of 0.9 nm.?
Also, we employ the method (with same parameters) pro-
posed by Yamashita er al® to generate the TDMR readback
signal, which is obtained by convolving the magnetization
pattern of discrete Voronoi grains, M(m, n), with the
read-head sensitivity function, ¥/(m, n), where m and n are the
time indices of the bit period in the along- and across-track
directions, and then add a small amount of additive white
Gaussian noise (AWGN) for the electronics noise.™®

Then, the readback sequence, ry, is equalized by a 2D
equalizer” so as to shape the overall channel response to the
2D target.”% Specifically, the kth equalizer output on the /th
track can be expressed as

Yei = Z Z hm,nak—nul—n +wr 1, 0y
m

n

N

St

where ay;’s are the recorded bits, 4,,,’s are the 2D target
coefficients, s¢,’s are the noiseless target outputs, and wy, is
the filtered noise.

AWGN
alJ'] r'.l—l —
4, {a, i
B LOPC (4 14y Y] Modified

2D-SOVA

FIG. 1. A TDMR channel mode! with the proposed method.
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Next, each of the equalizer outputs {yz,-1, Yt Yes+1) 18
processed by a separate 2Q—SOVA” detector to produce the
soft outputs {Ag;_1, Aks, Akge1). The 2D-SOVA detectors
exchange this soft information for Nsova times, before com-
bining and sending the refined soft information to the LDPC
decoder to produce the log-likelihood ratio (LLR) of bit g,
Ar. Thus, this LLR sequence will be split into three sequen-
ces {Ag -1, A1 Axse1) before feeding them back to each cor-
responding 2D-SOVA detector for the next giobal iteration.

lll. PROPOSED SCHEME

To handle the 2D interference, we propose to exchange
the soft information among all 2D-SOVA detectors as shown
in Fig. 2, where the conventional 2D-SOVA detector is
employed in the 1st SOVA iteration (i.e., Nsova=1).
However, the proposed method begins at the 2nd and higher
SOVA iteration, where the /th detector exploits the sidetrack
information from the (/ — 1)th and (/4 1)th detectors, and
the (I—1)th and (/+ 1)th detectors employ the sidetrack
information only from the /th detector. Specifically, this side-
track information is used to enhance the reliability of the a
priori information before evaluating the branch metric in the
2D-SOVA detector for the next SOVA iteration.

To perform maximum-likelihood equalization via
2D-SOVA, we apply a technique introduced in the bidirec-
tional SOVA'? to compute the extrinsic information of the bit
ax, Ar, for the LDPC decoder. Define (u, ¢) as the transition
from stage u to stage ¢ in the trellis diagram.” In practice, the
conventional SOVA detector computes the kth branch metric
on the /th track associated with (v, g) according to’!2

1
Yy (u-q) = ~53 ey — ska(u. @) +1In(peglgln)), (@

where ¢ is the noise variance seen at the input of the SOVA
detector, s;(u, q) is the kth target output on the /th track
from Eq. (1) associated with (i, ¢), and pg(g|u) is the kth a
priori probability on the /th track. Generally, the quality of
the extrinsic information 4, depends on how good the branch
metric y; (u, ¢) is, which in turn helps reduce the ITI effect.
In this paper, all 2D-SOVA detectors iteratively exchange
the soft information so that a better y (u, ¢) can be obtained.
To achieve this, we need to modify the branch metric calcu-
lation in Eq. (2) such that an improved py /(g|) is included.
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'
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FI1G. 2. The soft information exchange process at the modified 2D-SOVA
detectors for Ngoya = 3.
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Consi!ier the 3-by-3 asymmetric target,'® whose trellis
diagram has 64 states with 8 outgoing branches connected to
8 different states. Because each branch corresponds to the
input data [ay;1, axs ary+1], the a priori probability in
Eq. (2) can then be calculated from

pri(qlu) = plaxi-1) p(ar) p(ari), €))

where play; = +1) = e’ /(1 +e*) and plag; = ~1) =1
—p(ar; = +1). Note that when the sidetrack information is
used to compute p(glu), the A, will be replaced by the
2D-SOVA output, .

To reduce the complexity, we employ the 3-by-3 sym-
metric 2D target'? in this paper, whose trellis diagram has 36
states with 6 outgoing branches connected to 6 different
states because the upper and the lower target coefficients are
the same. In this case, it can be shown that the pg(qju) in
Eq. (3) can be computed as py;(q|u) = p(ax;)p(br;), where
bry = apg-1 + a4, and

plargt = —1)p(arss = =1), by = ~2
p(bry) = plag-1 = +1)plagp = +1), by =42
plaga=-Dplapm=+)
v by =0.
+p(@riy =+1)plags = —1)"
4)

IV. SIMULATION RESULTS

Consider a rate-8/9 coded system in which each block of
3640 message bits is encoded by a regular (3, 27) LDPC
encoder, resulting in a 4095-bit block sector. The parity-check
matrix has 3 ones on each column and 27 ones on each row.
This paper defines the signal-to-noise ratio (SNR) as
201og;o(A/os), where A assumed to be 1 is the saturation level
of an isolated waveform calculated by using the ideal granular
medium?® and o is the standard deviation of AWGN. The 2D
3-by-3 symmetric target and its corresponding 2D 3-by-7
equalizer are designed based on a minimum mean-squared
error approach.g'lo In simulation, Nsoya =23 and o =05 are
used, and the LDPC decoder is implemented based on the mes-
sage passing algorithm® with Ny ppc = 10 internal iterations.

We make a comparison among (1) the conventional
receiver denoted as “Conv” and three conventional 2D-SOVA
detectors (i.e., Nsova = 1) are used, (2) the PIMM,? and (3)
the proposed scheme, where all schemes have random data on
the (/ —2)th and (/+2)th tracks. Fig. 3(a) shows the BER

w0
‘Couvemtiosl receiver

1w

w’ P
&
@

1w

10

w‘l T 3 4 s & 1 8 9

{a) SNR (¢B) (b) Number of globat iterations, NOIM

FIG. 3. Performance comparison (a) with different ADs and (b) as a function
of Ngopat’s at 4.21 Tb/in? and SNR = 13.5dB.
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performance of different schemes at the AD of 2.37 Tb/in®
(T,=T,=16.5nm) and 4.21 Tb/in® (Ty=T.=12.375nm).
Notice that the number inside the parenthesis in Fig. 3(a) indi-
cates the total number of global iterations, Ngjona, used to
generate each curve. Apparently, the proposed scheme per-
forms better than the others, especially when AD is increased.
For example, at 4.21 Tb/in?, the proposed scheme is far supe-
rior to the conventional receiver and is better than the PIMM
by about 1.5dB at BER = 10~°. Fig. 3(b) also shows the BER
performance as a function of Ngiona's at AD of 4.21 Tb/in?
and SNR=13.5dB. It is clear that the proposed scheme
performs the best and no performance gain is obtained for all
schemes after Ngjopa1 = 6.

Additionally, we also compare the performance of all
schemes when they have same complexity. To do so, we
define the complexity as the total number of multiplications
(per bit), including the LDPC decoder. Note that only multi-
plication is considered because it has much more complexity
than addition in terms of circuit implementation. With care-
fully counting the number of operations, it can be shown that
the conventional receiver, the PIMM, and the proposed
scheme have 1081 Ngiobat 44 NGiobar, and 3274 Ngiona mul-
tiplications, respectively. Here, we assume that current tech-
nology can support the total number of multiplications equal

J. Appl. Phys. 115, 17B732 (2014)

to 3 iterations of the proposed scheme, which is approxi-
mately equal to 9 and 223 iterations of the conventional
receiver and the PIMM, respectively. Fig. 4 compares the
performance of different schemes when they have same
complexity. It is evident that the proposed scheme still per-
forms better than other schemes, especially at high AD. This
might be because the proposed scheme can combat the
severe ITI as opposed to the other schemes.

V. CONCLUSION

This paper proposes an iterative ITI mitigating method
to combat the severe 2D interference in TDMR systems,
which employs three modified 2D-SOVA detectors in con-
junction with an iterative processing technique. Specifically,
the three modified 2D-SOVA detectors exchange soft infor-
mation to improve the reliability of the a priori information
and use it in the branch metric calculation, before passing the
refined soft information to the LDPC decoder. Simulation
results indicate that the proposed scheme performs better
than both the conventional receiver and the PIMM, especially
when AD is high. Therefore, the proposed scheme is worth
employing in the system that experiences the severe 2D inter-
ference (e.g., TDMR and bit-patterned media recording).
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