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ABSTRACT

This thesis presents regarding Track Mis-Registration (TMR) mitigation
methods based on readback signals for Bit patterned media recording (BPMR) system.
TMR or off-track situation is one of the most significant problems in the extremely
high-density magnetic recording system such as bit-patterned media recording (BPMR)
system, since a track pitch becomes narrower thus the performance in magnetic
recording system was intruded from high inter-track interference (ITl) and TMR effects.
The TMR effect is occurred due to the misalighment between the center of the read
head and that of the main data track. 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 thesis
proposes a TMR mitigation method for BPMR systems based on the readback signals.
Firstly, this thesis designs several pairs of the two dimensional (2D) asymmetric target
and its corresponding 2D equalizers that match the BPMR channel for each TMR
level. Then, we estimated TMR levels based on the read back signal in BPMR using
the relationship between the readback signal and TMR levels. Lastly, a pair of the 2D
asymmetric target and its corresponding 2D equalizer that is best fit to the estimated
TMR level will be used to alleviate the TMR effect in the readback signal. Simulation
results indicate that the proposed system can effectively estimate the TMR level and
perform better than the conventional system without a TMR mitigation method,

especially when the TMR level is high.
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Chapter 1

Introduction

1.1 Statement of the problem

As the internet and digital network communication are rapidly growing;
therefore, the new technologies are developed to support for using in currently, such
as social media data storage, big data storage, cloud application storage, and etc.
These technologies are tasked based on the data storage system. Thus, the data
storage system is important to propel these new technologies. Hard disk drive is one
of the best ways to store the data because it is appropriate when compromising data
and price. The high areal density (AD) magnetic recording technologies in hard disk
drives are developed parallel with growth of new technologies, it is goal of magnetic
recording system to develop in hard disk drives.

Bit patterned media recording (BPMR) system is a promising technology to
enhance the areal density of hard disk drives beyond the limit imposed by the
current perpendicular recording technology, and it can achieve an areal density up to
4 terabits per square inch (Tb/in?) [1], while, the perpendicular tecI:hnology has super-
pararnagnetic limit effected and cannot store data more than 1 Tb/in® [2]. In the
enhancing the areal density increasing in hard disk drives can be made by decreasing
the distance of the island's data (bit island). However, while the bit islands are
closed, it has been shown that inter-symbol interference (ISI) and inter-track
interference (ITl) (or called two dimensional (2D) interference) and media noise can
generate a significant impact on the error performance of BPMR systerﬁs [3]. These
cases are the challenging problems in BPMR system. Other than, one of the major
problems that increase Tl in BPMR is a track mis-registration (TMR) [4,5] due to the
readhead sensing the magnetic islands in the adjacent track. Therefore, TMR problem

in BPMR systems, will be mainly considered in this research,



1.2 Significance of the problem

A TMR effect is occurred due to the misalignment between the center of the

readhead and that of the main data track [6,7] as illustrated in Figure 1.1.

Upper Track

Figure 1.1 The TMR, A, in a BPMR system.

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 and it is difficult to control the readhead when TMR is occurred
beyond its limit [8-10]. To improve the system performance under the 2D
interference effect, the previous work [11] has used iterative decision feedback
detection (IDFD) and 2D generalized partial response equalization, which is optimized
in minimum mean square error (MMSE), followed by 1D Viterbi algorithm (2D-GPR/1D-
VA). Simulation result sugeest that 2D-GPR/1D-VA performs better than IDFD.

Then, W. Chang and J.R. Cruz consider a multi-track detection technique, where
the detection on the center track is aided by the information obtained from the
detection of the sidetracks. This technique works with any equalizer capable of
equalizing the channel to a 2D target. They apply this method to joint-track
equalized and 2D equalized BPMR channels. Their simulation results show that the
proposed technique provides a significance performance improvement [12]. To
investigate the effect of ITl and TMR on the performance of the channel, Navabi etal.
[13] have developed a 2D pulse response simulator for BPMR. Simulation results
using these pulse response suggest that equalizer and detector optimized for zero

TMR may not perform well in the presence of TMR. To mitigate the effects of TMR,



they proposed a modified trellis for Viterbi algorithm (VA). The modified Viterbi
algorithm (MVA) takes into account the ITI while computing branch metrics.
Simulation results show that the MVA can improve the bit error rate (BER) in the
presence of TMR.

Ancther research that focus on how to mitigate the TMR effect, L. M. M. Myint
and P. Supnithi [14} proposed an off-track detection based on the readback signals
and improve the bit error performance by using an asymmetric target depending on
the detected off-track direction. Specifically, they investigated the effects of off-track
events on the target-shaping equalizer coefficients when the generalized partial-
response target (GPR) is fixed. For a 3x3 channel matrix of bit patterned media
recording system, the asymmetric targets offer the gain of about 1 to 2 dB at bit error
rate (BER) = 10™ for the TMR levels of 20% to 25%.

From, these significances of 2D equalization and detection can mitigate [Tl and
TMR effects in BPMR system [11-14]. The BPMR channels can provide the different of
readback signal when each TMR levlel occurred in the system [13,14]. Therefore, this
thesis proposes the TMR prediction and mitigation methods based on the readback

signal in BPMR system.

1.3 Goal and objectives

1. To study the TMR behavior and its effect on BPMR system.

2. To study the performance of BPMR systems which was from TMR effect.

3. To apply and develop a TMR mitigation method using the multiple readhead
based on readback signals in BPMR system.

4, To improve the BER performance of BPMR system using the proposed TMR

mitigation methods.

1.4 Hypothesis to be tested

From our primary study in a the magnetic recording system, we found that TMR
effect is one of the most significant problems in the extremely high-density magnetic
recording system such as BPMR system. The performance in BPMR system is severely

decreased from TMR effect. Therefore, this research hypothesis Is to find the



relationship between the readback signals and TMR levels in BPMR system, which
can be used for estimating a TMR levels. Then, a pair of 2D target and its suitable
corresponding 2D equalizer for each estimated TMR level will be selected to correct
the TMR effect in the data detection process. Finally, the proposed method can

yield a good performance if compared to the conventional recording system.

1.5 Conceptual framework

In this work, we focus on the discrete BPMR channel model and begin with
studying the relationship among the statistical information of the readback signals,
signal-to noise ratios (SNRs), and various TMR levels. Hence, these relationships will
be employed to formulate the mathematical equations for estimating the SNR and
the TMR level. We firstly estimate the SNR using the peak amplitude of the readback
signal from one data sector. Then, this estimated SNR level will be utilized to
estimate the TMR level according to the readback signal energy [14,15]. It should be
pointed out that this estimation method can be adapted in desiening a 2D equalizer
and a 2D detector in BPMR systeams so as to cope with this TMR problem [16,17].
Next, to mitigate the TMR effect from a pair of 2D target and its suitable
corresponding 2D equalizer for the estimated TMR will be chose to correct the TMR
in the data detection process. The target and its corresponding equalizer used in this
work are priority designed for each TMR level based on minimizing a mean-square
error (MSE) [18,19]. Finally, Viterbi detector used to estimate the recorded bits in the
system. The simulation results are compared between the proposed method and
the conventional method in term of BER performance [20]. These methods are
significances to improve performance with TMR effects. Finally, an Ilterative TMR
mitigation method based on readback signal for BPMR and utilization of multiple
readheads for TMR prediction and correction in BPMR are also proposed in this
research.

1.6 Scope or limitation of the study

The scope of this research is to study the effect of TMR levels in BPMR system
and proposed TMR estimation and mitigation methods based on readback signal.
Finally, the simulation results are tested by MATLAB programing and the
performances are shown in bit error rate (BER} for comparison of the methods. This

thesis separate to 5 Chapters from this detail.



In Chapter 2, we provide an overview of the backgrounds on BPMR discrete
channel model systems, the TMR effect in BPMR system, target and its corresponding
equalizer are designed for each TMR level based on minimizing a mean-square error
(MSE), at the end of this Chapter, we discuss the TMR detection base on readback

signal in BPMR.

In Chapter 3, we proposed TMR mitigation method based on readback signal in
BPMR system. This work proposes the novel TMR estimation and mitigation methods,
which is based only on the readback signal. To model TMR, we use the 2D BPMR
pulse response embed TMR effected which we explained in Chapter 2. Moreover,
there are 5 TMR estimation and mitigation methods that proposed in this thesis.

To reduce the TMR effect, we have applied the proposed method which
described in Chapter 3 to magnetic recording system. Then their numerical results

were compared with the conventional recording system and also explained in

Chapter 4.
Finally, conclusions are provided in Chapter 5.



Chapter 2

Theories and Principles

In Chapter 2, this thesis would like to describe the overall system in BPMR
system. This Chapter considers a discrete channel model system which corrupted by
additive white Gaussian noise (AWGN), two-dimensional (2D) interference, it is
consisting of inter-symbol interference (IS) and inter-track interference (ITl), media
noise, and track mis-registration (TMR) effects. At the end of this Chapter, it also
explain the target and its corresponding equalizer designed based on minimizing a

mean-square error (MSE).

2.1 Bit patterned media recording system

While the data storage technology in hard disk drive has been expanding to
rapidly growth, the aerial density (AD) in the magnetic recording system is one of the
goal for developments. The perpendicular magnetic recording (PMR) systems are
expected to reach storage density limits in the near future [1,2]. The high AD can be
taken by reducing size of media’s grain so, while the grain is smaller over the limited,
the PMR system will not stable, this event is occurred from the thermal power of the
outsize to change the magnetization direction. Therefore, bit “0” change to “1” or

inverts direction so, this is a limited effected in the high AD of PMR systems.

Cornmnton Patterned Wagnete Madia

CONVENTIONAL i
MEDIA: { o= R
= many small random | 3 e
grains per bit ] T N
o gen g “e-: in
5
0% S g s
o it ¥
o’/":‘ -
e
1O
]
o N

o
PATTERNED MEDIA:

= single pre-patterned large
grain per bit

Figure 2.1 Comparison of a simple media model between conventional media and

patterned media [21].
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Figure 2.2 Grid of magnetic islands: (a) square (b) hexagonal.

Thus, BPMR system is a promising technology that can circumvent the super
paramagnetic limit and offer higher density. In BPMR system, bits are stored in single
domain magnetic islands and the regions between bits or magnetic islands are made
of non-magnetic material. A schematic of BPMR based on the spinning disk is shown in
Figure 2.1. Since isolated nano-scale magnetic islands, or nano-scale magnetic islands
surrounded by non-magnetic material, are single domain or act as single grain magnetic
islands, using many small magnetic grains per bit is not an issue any more. At the
extreme, a magnetic island can be made of a single grain. Therefore, the use of single
domain magnetic islands not only handles the super-paramagnetic limit, but also
reduces or eliminates transition noise. Moreover, the locations of the islands are
predetermined by patterning the media, which eliminates nonlinear bit shift and gives
us some advantages in recovering the data. In addition in BPMR systems, by patterning
the media, novel patterns for servo systems can be implemented which simplify
tracking [14, 15] as well.

Typically, the BPMR system is divided into two categories, spinning disk system
and probe based system [22]. In this work, it consider only signal processing system in
spinning disk system of BPMR system while the behavior of recording system in square
BPMR is similar to data commonly used (such perpendicular and longitudinal). Figure
2.2 demonstrates between square and hexagonal grid of magnetic islands while the
performance of systems depend on these arrangements. The track pitch’s adjacent
spaced of hexagonal grid pattern is more than track pitch of the rectangular grid so,
the performance of hexagonal grid pattern is better than performance of rectangular

grid pattern [23]. However, this thesis focuses only the square of BPMR because it easy



to understand the behavior of IS, ITl, media noise and TMR effects. The 2D pulse

response in BPMR will be explained in section 2.2 and 2.3.
2.2 2D pulse response modeling in BPMR system

In this research, it assume perpendicular recording magnetic media and magneto-
resistive (MR) readheads. With MR readheads, readback voltage is proportional to the
signal flux injected into the MR element at the air bearing surface (ABS) and can be

expressed as below [24]
VMR (x; y) 7 C¢(JC, Z)a (21)

where C is a constant, Vygis the readback voltage, ¢ is the signal flux, x corresponds to
the along-track direction and z corresponds to the cross-track direction. Geometry of
an MR readhead and a magnetic island is shown in Figure 2.3. Where, a is the length of
a square island, & is the height of an island, d is the fly height, ¢ is the length of the
gap MR, t is the thickness of the MR element and Wis the width of the MR element.
Using reciprocity principle, the signal flux into the MR element at the air-bearing

surface (ABS) can be expressed as follows [24]

a d+8 a H'(xl’ylzr) ' (2.2)
¢(x,y)=ﬂo_[ I _f—’—:'—My(x‘-—x,y',z'—z)dx dy'dz',

- d -z z

when 4, is permeability of free space, / is imaginary coil, H, is the MR readhead field
generated by the imaginary coll, My {x, y, z) is media magnetization, y is the direction
perpendicular to the recording medium. So, the magnetization in perpendicular and

the integration of the response can be shaped in form of magnetic field potential ()

as



Figure 2.3 Geometry of an MR readhead and a magnetic island [24].

a d+é a
Hy aW(x‘!ylz') ! (- 1 e ] (23)
¢(x..v)=_i“_J; l_{“@' M, (x'~x,y',z'- 2)dx"dy"dz’,
or
a d+é a oM (x'—x,y',z') (24)
Ps, = f I Iw(x',y'z’)[ x > dxldy'dz".
~a d -a

Assuming that there is no space between the soft under layer (SUL) and the
media and the perpendicular magnetization is uniform along the thickness of an island,

the pulse respanse can be expressed as follows

x+al2 z+al2
V2 =C [ | Mx'=xy.z-2){p(x\dz) =y (x'd +26,2) dv'dz' (2.5)
x-al2 z-al2
M (madia-magnetization), x, z € island
M=(x,y,2)= >
0, else

and with this method, the 2D pulse response for any geometry of a MR readhead and

an island can be obtained.
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Figure 2.4 Numerical 2D pulse response for an island of length of 11 nm, height of
10 nm and fly height of 10 nm-[24].

In the Figure 2.4 shows the simulated numerical 2D pulse response of a square
island of length 11 nm (a = 11 nm), thickness of 10 nm (&= 10 nm), and fly height of
10 nm (d =10 nm)

2.3 2D Gaussian pulse response in BPMR system

In 2008, S. Nabavi proposed the responding of BPMR pulse in 2D pulse responding
discrete model [25]. This model is estimated from calculation of 2D pulse responding
of BPMR and readback signal was occurred from linear superposition. In other words,
the readback signal from the readhead includes 2D interference, it can disturb and
reduce the performance of BPMR system [11]. The 2D Gaussian pulse response can be
explained from the following equation with atrack pitch, 7, and a bit period, T, to

define as
P(nT,,mT,). (2.6)

Furthermore, it consider the 2D Gaussian pulse response of the form [26] to

define as
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Figure 2.5 2D Gaussian pulse response from equation (2.7) with PWy = 19.4 nm
and PW, = 24.8 nm.
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Figure 2.6 The contouring of 2D Gaussian pulse response.

where A = 1 is assumed to be the peak amplitude of the pulse response, PW, is the
PWso of the along-track pulse, PW; is the PWs, of the across-track pulse, PWsg is the
pulse width at half its maximum, ¢ = 1/2.3548 is a constant to account for the

relationship between PWs, and the standard deviation of a Gaussian. Figure 2.5 and 2.6
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show the 2D Gaussians pulse response in the tow view and the contouring view,

respectively, which calculate from equation (2.7).

2.4 2D interference in BPMR system

In BPMR, the 2D interference, ISI and ITI become a major impairment due to the
small track pitch. The 2D interference is occurred from the side track in along and
cross track direction. So, pulse respond of upper, center, and lower tracks are
disturbed or interference with adjacent tracks. The [Tl is one of the biggest challenges
in all high density magnetic recording systems [3,26], which can degrade the
performance of the BPMR system. Therefore, to have a realistic BPMR system, [Tl needs
to be considered in the modeling of the channels. Also, to improve the performance
of the BPMR channels, Tl needs to be considered when designing equalizers and
detectors. Therefore, 2D interference is decreased the performance in BPMR especially

[T is the high effect more than ISI as Figure 2.7 and Figure 2.8.

] F = LAY LYYAYAY | ™

S 0.8 |
g7 ;
i
5 06F ]
=
.2
S 0.4F ]
(4]
E : '
2 .25 Along track direction "-,,. g
; Cross track direction %, |
0 13 l'!f.’::'"“: . ‘:"-," |_
-40 -20 0 20 40

nm
Figure 2.7 Comparison between the values of PWs, of Gaussians pulse response

in along track direction.
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Figure 2.8 Comparison between values of PWs; of Gaussians pulse response

in cross track direction.

The 2D pulse responding was coverage in cross track direction more than along
track direction as Figure 2.7 and the sampling from 2D pulse responding show that
value of cross track more than a long track also. It is confirm [Tl is severe than ISI. In
this pulse responding sampling where PWy = 194 nm and PW; = 24.8 nm of BPMR
channel model from equation (2.7) can offer the coefficient of BPMR in along direction
and cross track direction of multi areal density (2.0 Tb/in?, 2.5 Th/in? and 3.0 Tb/in% as
Table 2.1.

Table 2.1 The coefficients of BPMR channel of several AD.

AD (Tb/in?) T SO 2D channel coefficients
0.0213° 0.2321 0.0213
2 Th/in? 18 nm 0.0919 1.0000 0.0919

0.0213 0.2321 0.0213

0.0478 0.3154 0.0478

2.5 Th/in? 16 nm 0.1517 1.0000 0.1517
0.0478 0.3154 0.0478

0.0824 0.3876 0.0824

14.5 nm 0.2125 1.0000 0.2125
0.824 0.3876 0.0824

3 Th/in?
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2.5 Media noise

Media noise in BPMR is different from that in the conventional magnetic recording
systems. In conventional magnetic recording systems, the dominant media noise is
transition noise; however, because of the nano-scale single domain magnetic islands,
transition noise is not an issue in BPMR systems. In BPMR, media noise is mainly due to
fabrication imperfections [27,28]. Since such fabrication imperfections are slowly-
varying, the media noise in adjacent islands might be correlated. Media noise changes
the shape of the pulse response and the track profile, and therefore can degrade the
performance of the channel. BPMR channels need to be investigated with this new

form of media noise.

P

T I,
B 11
r:_f [
“I5] | o R
— - ) o N
worlra s )
1
L,

|
|
=

—_——

/R . : . Lower track

@ (b)

Figure 2.9 Fluctuation characteristic: (a) size fluctuation (b) position fluctuation.

The causes of media noise occur from many sources [25] such as location
fluctuation of each island due to island should have track pitch or bit period less than
25 nm. Therefore, it is difficult to define all islands have similarly shape and size. Size
fluctuation, height fluctuation, shape fluctuation, and saturation magnetization. Using

the 2D pulse response expression as

1 +A y +A ’ Z5)
P(z,x)=(A+AA)exp - [;J +[z——] .
2| (W, +Ay ) (W, +Ay, )

where, any (z, x), the location fluctuations can be modeled by introducing randomness
to the z, x in the expression of the 2D Gaussian pulse response. At, A, is variations in
the island size, A is the change the amplitude, Wy is the along-track PWsq, and W, is the

cross-track PWsq of the pulse response. As can be seen, A, W, and W; are almost linear
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functions of the island size; thus, size fluctuations can be modeled by amplitude,
along-track PW50‘, and cross-track PWs, fluctuations. Other sources of media noise such
as magnetic islands height and magnetization fluctuations can also be modeled by
these fluctuations. Therefore the 2D Gaussian pulse response including the media
noise effect can be expressed as equation 2.8. When the media noise occur in the
system, the performance is high decreased. Thus, the receiver will be manage with this
problem [25]. The media noise can be modeled and show the fluctuation
characteristic on size fluctuation and position fluctuation show in Figure 2.9 (a) and

Figure 2.9 (b), respectively.
2.6 Track mis-registration (TMR)

Track mis-registration (TMR) is the critical issue of BPMR system, which occurs
when the center of read head is not aligned with that of the main track [6] as Figure
2.10 show that appropriate position of readhead to read on the media, where A, is
offset of readhead or the distance between center of the head to the middle of the
track, lceland i.e. the center of readhead should be at center of main track and moving
parallel follow a long track for achieving the best quality of readback signal. However,
in the practice, the readhead have event to move out of the appropriate position by
the readhead maybe move to upward offset or downward offset as Figure 2.11. So, in
Figure 2,11 call this event as track mis-registration or readhead offset A, .

e
Upper Track
Read Head T,
A, =0 * 1 Main Track

Lower Track

Figure 2.10 The MR position without TMR.
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Figure 2.11 The MR position with TMR.
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Figure 2.12 Block diagram of bit patterned media recording system.

To consider a discrete BPMR system, which disturbed with TMR effect as shown in
Figure 2.12. A binary input data sequence xce {+1} with bit period T,, where { = 0 is
the main track, and { = -1 is the upper track, and { = 1 is the lower track, is sent to the
BPMR channel corrupted by TMR and electronics noise modeled as an additive white
Gaussian noise (AWGN). Then, the readback signal of the K" data bit on the main track

can be expressed as

Ha =%, ®h, +w, (2.9)

= z :z :h-m,nx—m,k—n +n0,k’
n m

where xpx’s are the recorded bits, Any,’s are the 2D channel coefficients, m and n
represent the time indices of the bit island in the across- and the along-track
directions, and ngx is an AWGN with zero mean and variance ¢*. Practically, the BPMR
channel coefficients with TMR effected Amn can be generated by sampling a 2D
Gaussian pulse response at the integer multiples of the bit period 7y and the track



thilnneayanan wszveundaiansed

17

period T, according to

h,,=P(nT, +A,,mT,), (2.10)

where P(zxx) is the 2D Gaussian pulse response, z and x are the time indices in the
across- and the along-track directions, {m,n} €(-L, ., 0, ..,L), 2L+1 is the length of
P(zx), L is an integer, and A, is the head offset or the distance between the center of
the readhead and that of the main track as depicted in Figure 2.11. Generally, L should
be large enough to ensure that the tail amplitude of P(z,x) is enough small, where this
paper considers L = 1 for simplicity. In this paper, the TMR level is defined as

TMR (%):%T-xloo, ey

where the sign of A_ is assumed to be positive for the upward offset as shown in

Figure 2.11. Furthermore, it consider the 2D Gaussian pulse response of the form [25]

: 2 (2.12)
1 A
P(z,x):Aexp —2(;2 [[Px J +(ZP+ TJ} ’

where A =1 is assumed to be the peak amplitude of the pulse response, PW, is the
PWsp of the along-track pulse, PW, is the PWsy of the across-track pulse, PWs is the
pulse width at half its maximum, ¢ = 1/2.3548 is a constant to account for the

relationship between PWsy and the standard deviation of a Gaussian pulse.

07829



18

1 3 L .
0% TMR

0.8+ P ey WX 25% TMR -
:15} ----------- 50% TMR
8. . Along track pulse 4
E . (center track)
2 Cross track pulse
8 ) (adjacent track)
TE, 0.4 A
s
Z

0.2

0 S T - ey e E
-30 -20 -10 0 10 20 30

Figure 2.13 2D pulse response in along track and cross track with TMR.

In the simulation system under the TMR condition,. it consider the AD = 3.0 Th/in?,
which correspond with Ty = T,=.14.5 nm, PW, =19.8 and PW =.24.8. It is seen that
when the system is affected by TMR at each level of the readback signal will deviate
from the real signal. The peak amplitude is reduced when the system is affected by a
higher TMR levels as Figure 2.13. The system performance of BPMR by inclusion TMR
affected with each levels show TMR is the major effect to decrease the performance
of system, where x axis is signal to noise ratios (SNR) in decibel (dB) and y axis is BER.
SNR can be defined from

20log,,(Vp /o), (2.13)

Where V = 1, is the peak amplitude and o is standard deviation of AWGN as described
in BPMR channel model. Assume that if the readback signal is affected with 2 levels
(e.g., low and high levels) of AWGN noise severity. The readback signal which affected
with the lower AWGN noise (high SNR) yields the lower peak amplitude as show in
Fisure 2.14 (b), while the read back signal which affected with high AWGN noise (low
SNR) yields the higher peak amplitude as show in Figure 2.14 (a). The peak amplitude
of the readback signals at SNR = 10 dB and 25 dB are Figure 2.14 (a), and 2.14 (b),
respectively. It confirm as, while the SNR is low the peak amplitudes are high. On the
other hand, It show as, while the SNR is high the peak amplitudes are low. These case

show as the AWGN noise is depend on SNR levels, so AWGN noise is another one noise
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Figure 2.14 The example for the peak amplitude of the readback signal at
(@) SNR = 10-dB and (b) SNR = 25 dB.

to decrease the performance in the system. Therefore, BER performance is compared
by SNR levels. Normally, in the BPMR system without TMR effect. The coefficient from
sampling of 2D Gaussian pulse response is symmetric channel. On the other hand, in
the BPMR system under TMR effect. The coefficients of BPMR channel is asymmetric
channel as show in table 2.2. When the TMR occurs in the system, this case observe
that the peak amplitude of the readback signal can either be increased or decreased
as show in Figure 2.15, the red boxes are the peak amplitude of readback signal
without TMR (TMR = 0%), while the blue crosses are the peak amplitude of readback
signal with TMR (TMR = 25%), The peak amplitude will be increased when the data bit

of the adjacent track is similar.
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Table 2.2 The coefficients of BPMR with each TMR levels.

TMR (%) 2D channel coefficients  TMR (%) 2D channel coefficients
0.0824 0.3876 0.0824 0.1094 0.5151 0.1094
0% 0.2125 1.0000 0.2125 15% 0.2125 1.0000 0.2125
0.0824 0.3876 0.0824 0.0620 0.2917 0.0620
0.0905 0.4261 0.0905 0.1203 0.5663 0.1203
5% 0.2125 1.0000 0.2125 20% 0.2125 1.0000 0.2125
0.0749 0.3525 0.0749 0.0564 0.2653 0.0564
0.0996 0.4685 0.0996 0.1323 0.6226 0.1323
10% 0.2125 1.0000 0.2125 25% 0.2125 1.0000 0.2125
0.0681 0.3207 0.0681 8513 0.2413 0.0513
3 — — : :
TMR 0%
& TMR 25%

Peak amplitude

0 200 400 600 800 1000
k -th bit loaction

Figure 2.15 The example for the peak amplitude of the readback signal in the case of

the system under the absence/presence of TMR at SNR = 20 dB.
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Figure 2.16 The BER performance of BPMR system with several TMR.

with the data bit of the main track, while the peak amplitude will be decreased if
those data bits are difference. Assume that the data of main track is similar to the data
of upper track; the peak amplitude becomes higher and higher according to the
increasing amount of TMR. It is possible that the peak amplitude will be decreased in

case the data bit are difference.

Figure 2.16 show the BER performance of the BPMR system, which effects from
TMR effect for each levels. Here, the conventional 2D equalizer and 2D Viterbi
detector were used for this simulation. The both of them are designed based on a
monic constraint [26], where the 3x7-tap equalizer and the 3x3-tap target are designed
at the SNR required to achieve BER of 10 and compares the performance of different
schemes at TMR level of 0%, 5%, 10%, 15%, 20%, and 25%. It is clear that the
performance of the high TMR effected is unacceptable if compared to the TMR with
low effected. It is because the TMR level are very severe in the BPMR system,
especially at high ADs. Therefore, the conventional 2D equalizer is not appropriate

system for processing in ultra-high BPMR system.
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2.7 Target and equalizer design

The conventional block diagram of a BPMR system under TMR effects in this work
is shown as Figure 2.12. This thesis consider that the readhead which detects the
signals from the current bit island and the adjacent islands on its track as well as on
the two adjacent tracks; hence the discrete BPM channel from (2.12) is represented by

3x3 channel response matrix, i.e.,

h, B Bag By
H=|h, [=| B, My By |- (2.14)
h, hy ko Ry

The target and its corresponding equalizer used in this work are designed for each
TMR level hased on minimizing a mean-squared error (MSE) [19] according to

E{el}=E{(z,, -4} (2.15)

where £ {} is the expectation operator , &, is the error signal between the equalizer

output z, and the desired signal di. After expanding the right hand side in (2.15), it

bhecomes

E {gu'l:k} - E{[(’i,k ® fia)— (%, ® gu;):lz}
=Jix ®‘er:k ®ﬂ,k —2/; ® R:i}:x ® & i tE8ix ®R;fk ® 8ixe (2.16)

where ® is the 2D convelution operator, R, =£ {r,‘ ” j—k} and R, =E {X,,,X,_t,,_k}
are the auto-correlations of the readback signals and the recorded bits from all three
tracks, respectively, and Ry =£ {r,, X j_k} is the cross-correlation between the

readback signals and the recorded bits.
To compute the solution of MSE in (2.16), it is convenient to represent the
matrices in the vector forms [19]. To do so, this work let F be 3x(2N+1) equalizer

matrix of the form
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£, Juion o Jao o San (2.17)
F=f, |=| forx - Joo -~ Jow |
f Ji-w o Jio - fin

when ﬁ,k’ s are the equalizer coefficients, (€1{0,X£1} is the track location,
kE{—N, ., 0, ., N} and 2N + 1 is the equalizer length. Similarly, let G be a 3x3

target matrix of the form

g i1 8ao  Eag (2.18)
G=lg |=| & oo o |-
g 81,1 1o 811

when g,.'s are the target coefficients, { €{0,%1} is the track location, k €{—1,0,1}, In

the general, the matrices F and G can be rearranged into the column vectors as
f=[f 1, ﬁ]T and §=1[8 g gl]r, respectively, where the component vectors are

defined in (2.17) and (2.18), and [-]" is a transpose operator. Using those matrices, the

MSE in (2.16) can be rewritten as

E {gfk} =f'R f-2f'R, g+ grRxg ’ (2.19)

where R =[rr/] is a 3(@N+1)x3(2N+1) auto-correlation matrix of R,: T is the
readback signal vector, R, =[rx,] is a 3(2N+1)x9 cross-correlation matrix of &7 ,x,is
the recorded bits vector, and R, =[x,x] | is 9x9 auto-correlation of R, . Because this

work focus only on detecting the data on the main track (i.e., { = 0), the MSE in (2.15)

can then be computed by
E{g2, )= E{(zps —dy,)'}- (2.20)

Hence, in this case, the readback signals vector and the recorded bit vector will

3 T T
be given by = |:'i,k+N rl,k+N—] . "r0,0 b 'r—l,k—N+l r—l,k—N:I and X, = [Xl,k+]x],k ceeXggoee- X—I,kx-'l.k-l]
, respectively. During the minimization process of the MSE in (2.20), this work impose a

constraint of €' ¢=1 to avoid reaching trivial solution of f = g = 0, where
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e=[000010000] is a column vector with 9 entries. Accordingly, f and g are

chosen such that
E{e;, }=f"Rf-2f'R_g+2'R.g -2 (e"g-1), (2.21)

is minimized, where 4 is a Lagrange multiplier [22,23]. Then, the minimization process

gives

= 1 (2.22)
e"(R,-R.R;'R_)'e

g =MR,-RIR;'R_)'e (2.23)

f=R’'R_g. (2.24)

Note that if the target g is given, one can still employ [19] to obtain the equalizer
f that minimizes the MSE in (2.21). In a conventional receiver that does not employ a
TMR mitigation method, the readback signal rix for (€ {0, il} is fed to a 2D equalizer

followed by a 2D Viterbi detector to determine the most likely input sequence on the

main track, ie., )?D,k Note that this paper does not take media noise into account and

considers only the system that recovers the recorded data on the main track, as
similar to [29]. Hence, three adjacent readback signals {’-1,k”"o,k='?,k} at the input of a
2D equalizer, F, are required to generate a single output {zu,k}, whereas three input
data sequences {x_hk,xo’k,xl,k} are sent to a 2D target, G, to output the desired data
sequence {d }.

At the receiver from Figure 2.12, the readback signals r;« are equalized by the 2D
equalizers to obtain the equalized signals, z,x. Next, these data sequences are fed to
Viterbi detector to produce the estimated of data tracks. Finally, the system calculate
the BER performance are calculate for providing with conventional system performed

without the TMR estimation/mitigation schemes.
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2.8 Summary

In this Chapter, this thesis describes the overall system in BPMR system corrupted
with AWGN, IS, ITI, media noise, this thesis also describes the BPMR channel modeling
which corrupted with TMR effect. Then, this channel model will be used for entering
the performance of the proposed methods in next Chapters. Moreover, at the end of
this Chapter, we explain the 2D equalizer design with MMSE method for mitigation
these effects. This thesis also explain how to design the 2D equalizer and 2D target
based on the MMSE method, which will be used to mitigate the TMR effect as
discussed in next Chapter.



Chapter 3
TMR Mitigation Methods

As discussed in Chapter 1, TMR effect is a major obstacle for increasing an areal
density in ultra-high density magnetic recording systems such as BPMR system [3,30].
The TMR effect is occurred due to the misalignment between the center of the
readhead and that of the main data track as illustrated in Figure 3.1. Because of TMR,

the readback signal may experience even more severe inter track interference,

Head Offset

Lower track

=7 Upper track

A
Read head
=5 ‘i \

e ¢
— »q‘—,l

ST S Y
Y 'y = 7NN A= j Center track
‘ ,—JJ N j

Across-track direction o L
Along-track direction

Figure 3.1 |llustration of TMR or head offset, A_, in a BPMR system.

which will further degrade the performance of data recovery process in BPMR
systems [4,31]. Thus, this thesis proposes a novel TMR estimation and mitigation
methods, which is based only on the readback signal. To model TMR, we use the
two-dimensional (2D) BPMR system under TMR effect which explained in Chapter 2.
This work, we propose 5 methods for estimation and mitigation TMR effect described

as following.

3.1 Simple TMR estimation methods

Track mis-registration (TMR) effect is a major obstacle for increasing an areal
density (AD) in ultra-high density magnetic recording systems such as BPMR [3]. To
handle the TMR effect, a servo system provides an inherent sector-level latency of
the detection of servo bursts before any head adjustment can be made. This servo
burst field has the information that can be used to estimate the amount of readhead
offset. However, it is generally difficult to predict the TMR quantity to the next servo
sector, when TMR is compensated by only burst signals, especially when TMR goes
beyond the limit [7].
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In practice, several TMR estimation methods based on the readback signal have
been proposed in the literature [14,32]. Nonetheless, these methods require the
knowledge of some recorded data and employ high complexity processing (e.g.,
calculating many correlation functions) for estimating TMR levels. Thus, this thesis
proposes a novel TMR estimation method, which is based only on the readback
signal.

This thesis begin with studying the relationship among the statistical information
of the readback signal, signal to noise ratios (SNRs), and various TMR levels. Hence,
these relationships will be employed to generate the mathematical equations to use
estimating the SNR and the TMR level. In this work, we first estimate the SNR using
the peak amplitude of the readback signal from one data sector. Then, this equation

will be used for estimating the SNR and TMR levels, respectively.

3.1.1 Channel model

This work focuses on a discrete-time BPMR channel model with multi-track
processing [9] as depicted in Figure 3.2. The readback signal corrupted with TMR
effect can calculate from (2.12) in Chapter 2. In overall system of this proposed
method as depicted in Figure 3.2, the recorded bits, X1 Xox and xi« from upper, the
main, and lower tracks, respectively, are sent to the BPMR channel corrupted by TMR
and AWGN. At the read side, the readback signal is used to determine its peak
amplitude, Ageak, and the average energy, Eener, Simultaneously. Then, the estimated
SNR, Sl’\‘]R, is obtained based on Ageax. Finally, we compute the estimated TMR, Tf\’/"lR,
using Eener and SKIR.

Hok
X1k e A e A
Xok — | Channel | Yo,k > Yok Fmdmg Peak) Hpek | SNR SNR > TMR T
by p— H Amplitude Estimation Estimation
A
T;Em Yok [ Finding Eerer
Energy

Figure 3.2 Block diagram of BPMR system with proposed SNR and TMR estimations,
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3.1.2 SNR estimation method

In this work, we collect 100 samples of the readback signals at each SNR level
from 0 to 25 decibel (dB), where each readback signal is affected by a random TMR
level from 0% to 25%. For each SNR level, we average the peak amplitude of all
readback signals. Using these two data sets of the SNRs and the average peak
amplitudes, we propose to employ a curve fitting technique to obtain a polynomial

2
20~ ==L Estimated SNR
Real SNR
[
—~
o 4
E
n 10T.
|
5’—
0; 4 + e I — L [ — L ——= |
2 g 3 3.5 4 4.5 5

Average peak amplitude
Figure 3.3 The relationship between the SNR and the averaged peak amplitude of
the readback signals at AD = 2 Tb/in®.

function to approximate the SNR based on the known average peak amplitude. The

polynomial function using the curve fitting technique is

SNR =gy +a,y+a,)" ++ayy", (3.1)

where SNR is the estimated SNR, a is the i" coefficient of the polynomial

equation in (3.1), j e {o, 1, ...,N}- Based on extensive heuristic search, we found

that N = 5 is sufficient for our model because a higher order does not provide any
performance gain on the accuracy of SNR estimation. In Figure 3.3, we compare the
real SNR value and the estimated SNR using (3.1). The x-axis is the average peak
amplitude of the readback signals and the y-axis is the SNR levels. The result is

similar so that we use the curve fitting for estimated SNR level.
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3.1.3 TMR estimation method
To estimate the TMR level, we compute the energy of the readback signal at

SNR = 20 dB for each TMR level (i.e., 0, 5, 10, 15, 20, and 25%) according to

1 M 57
Eener :—Zkﬂro%k H ( )

where M is the length of the readback signal, which is equal to 32768 bits as a 4k
data sectors [33]. Next, we also use the curve fitting technique so as to obtain a
polynomial function that provides the best fit line for the relation between the TMR
and the average energy of all readback signals. This polynomial function can be

utilized to approximate the TMR level according to
TMR = b, + b+ b’ +...+bau” (3.3)
where TMR is the estimated TMR, bj is i coefficient of the polynomial equation,

i €{0, 1, ..; F}; F is a degree of the polynomial equation (here we use F = 5 for

simplicity), u is the average signal energy, which is equal to Eener in Figure 3.4.

TMR (%)

SNR=0to 25 dB

22 2.4 2.6 2.8 3
The average energy of the readback signals.

Figure 3.4 The relationship between the TMR level and the averaged energy of the
readback signals at AD = 2.0 Tb/in%.
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Figure 3.4 depicts the relationship between the TMR level and the average
energy by plotting the average energy of all readback signals as a function of TMR
levels. We repeat this step by varying the SNR level from 0 to 25 dB to obtain each
curve in Figure 3.4. The dotted line is the SNR 0 dB and the next lines are the SNR
level to increase by 1 dB up to SNR 25 dB. It is apparent that if we know the
estimated SNR {SNR) and Eener, We can easily compute the estimated TNR from (3.3).

3.1.4 Summary

In this topic, we proposes the TMR estimation method by using only the
readback signal for a BPMR system corrupted by AWGN and, inter-symbol
interference and inter-track interference. Firstly, we estimate the SNR based on the
peak amplitude of the readback signal. Then, the estimated TMR level is determined
based on the readback signal energy and the estimated SNR level. However, in this
method only estimated TMR levels without mitigation performance process. It should
be pointed out that this estimation method can be adapted in designing a 2D
equalizer and a 2D detector in BPMR systems so as to cope with this TMR problem

following as next method.

3.2 A TMR mitigation method

Based on the first method for mitigation TMR effect, this topic also proposes a
novel method to mitigate the TMR effect based on the readback signal .To do so, we
study the statistical relationship among the readback signal, a SNR, and TMR amount
for various cases similar to the first method. Next we formulate a mathematical
equation so as to estimate the SNR and the TMR level based on the readback signal.
Specifically, the SNR is estimated from the average peak readback amplitude,
whereas the TMR level is computed from the estimated SNR and the energy of the
readback signal. Then, the estimated TMR level will be utilized to choose the target
and its corresponding equalizer from a look-up table that are suitable for the
channel with TMR so as to facilitate the data detection process. Note that each pair
of the target and its equalizer is designed for each TMR level and is stored in the

look-up table.
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2.2.1 Channel model
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Figure 3.5 A BPMR channel model with the proposed method.

This work focuses on a discrete-time BPMR channel model with multi-track
processing [14] as depicted in Figure 3.5. The readback signal corrupted TMR effect
can calculate from (2.12) in Chapter 2 similar to previous work. In this overall
proposed method show in Figure 3.5, we propose a hovel method to subside the
TMR effect in a BPMR channel, based on the readback signal .Specifically, we first
estimate a TMR level with an aid of the estimated SNR and the average energy of the
readback signal .Hence, the target and its corresponding equalizer suitable for the
channel with TMR are selected according to the estimated TMR level so as to ease
the data recovery process .The details of the proposed method can be explained as

follows.

3.2.2 SNR estimation scheme
In this work, the SNR is defined as [29] SNR = 20logy{Vp/ o) from (2.13) in

Chapter 2. In decibel (dB), where V, is the peak amplitude of the readback signal,
which is assumed to be 1, and ¢ is a standard deviation of AWGN. This SNR will be
estimated before predicting the amount of TMR. Here, we proposed to estimate the
SNR from the peak amplitude of the readback signal. To do so, we collect a large
number of sample (e.g., 1000 samples) of readback signal at each SNR ranged from 0
to 25 dB, where each readback signal is affected by a uniformly distributed random
TMR level ranged form 0% to 25%. Then, for each SNR, the average value of peak
amplitude of all readback signals, rpea is computed, regardless of TMR levels. In
Figure 3.6 illustrates the relationship between the SNR and the averaged peak
amplitude of the readback signals at areal density of 2.0 Th/in?, where we found that

the SNR can be possibly estimated. To do so, we apply a least-squares (LS) fitting
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technique to fit all data points to an M-degree polynomial equation according to
SNR:ao+a1rmk AT et g (3.49)

where SRR is the estimated SNR, a; is the i coefficient of the polynomial equation in
(3.4), f€{0, 1 ...,M}. Based on extensive heuristic search, we found that M = 5 is
sufficient for our channel model at the AD up to 3.0 Th/in? because a higher order
does not provide any benefit on the accuracy of SNR estimation. As depicted in

Figure 3.6, it is apparent that the estimated SNR effectively coincides with the actual

SNR.

25 N ~ g T WG
20}~ 1
AD = 2.0 Tb/in’
Mo —&— Real SNR
) P 4 Estimated SNR
&
2 10+
Sﬁ
Ok

2 2.5 3 35 4
Average peak amplitude

Figure 3.6 The relationship between the SNR and the averaged peak amplitude of
the readback signals at AD = 2.0 Th/in?
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Figure 3.7 The relationship between the TMR level and the averaged energy of the
readback signals at AD = 2.0 Th/in’.

3.2.3 TMR estimation scheme
For each SNR, we also propose to employ the energy of the readback signal to
estimate the TMR level. To do so, we compute the averaged energy of the readback

signal, @aner, for each SNR and TMR level according to

1 5 3.5)
Er =§Zk=]rik ) (

where S is the length of the readback signal samples (i.e., S = 32768 bits for a 4K-
data sector) [33]. Next, the estimated TMR level is obtained based on a polynomial
LS fitting technique, i.e.,

TMR =b, +4E, +b,E +...+b,E, (3.6)

where TMR is the estimated TMR, b; and @ are the i coefficient and a degree of

the polynomial equation in (3.6), respectively, and / € {0, 1, ...,Q}. Similarly, we

perform an extensive simulation search to find a suitable Q, where Q = 5 provides
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the best fit between the actual and the estimated TMR levels. Figure 3.7 shows the
estimated TMR level as a function of the averaged energy of the readback signals at
2.0 Tb/in? for each SNR. Clearly, the TMR level can be effectively estimated from
(3.6) based on SR and E,.

3.2.4 Equalizer and target design

The target and its corresponding equalizer used in this work are designed for
each TMR level based on minimizing a mean square error (MSE) [19] according from
(2.15) in Chapter 2. In this proposed method, we use the fixed 3x3 asymmetric
general partial response GPR  target Gasym Which is similar to the channel matrix, ie.,
for each TMR levels (0%, 5%, 10%, 15%, 20%, 25%) for designing the 2-D equalizer
3x7.

[0.0824  0.3876 0.0824 0.0905 04261 0.0905

=| 02125 1.0000 0.2125| G_ _ =| 02125 1.0000 02125
TMR 0% 2 TMR 53 !
| 00824 03876  0.0824 0.0749 03525 0.0749

[ 0.0996 04685 0.0996 0.1094 05151 0.1094

Gope = | 02125 10000 02125 | G = [ 02125 1.0000  0.2125
0.0681 0.3207 00681 |’ 00620 02917 00620 |’

01203 05663 0.1203 0.1323 06226 0.1323

Gy =| 02125 10000 - 0.2125 | G, =|02125 1.0000 0.2125
0.0564 0.2653  0.0564 | 0.0513 02413 0.0513 |
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3.2.5 TMR mitigation methods

Here, this work proposes two methods to mitigate the TMR effect based on the
used 2D targets (ie., symmetric or asymmetric). Then, the performance of the
proposed methods will be compared with that of a conventional receiver, which
employs fixed 2D target and equalizer designed for 0% TMR level. Without TMR and
media noise, the channel response in (2.10) will normally by symmetric, and we
found that the 2D target G obtained from this design is also symmetric because the
target coefficients g.; and g; in (2.18) are almost equal.

For the first proposed method (dencted as the symmetric system), the
symmetric 2D target as used in the conventional receiver is employed, but the
equalizer is selected according to the estimated TMR level. To do so, we need to
design the equalizers suitable for each TMR level based on (2.24), where the target is
fixed, and store them in the look-up table. On the other hand, the second proposed
method (denoted as the symmetric system) utilizes the 2D target and its
corresponding equalizer specially designed for each TMR level according to (2.22) -
(2.24), where we refer to this 2D target as the asymmetric target because the target
coefficients g_ and g, in (2.18) are not equal. Thus, each pair of the target and
equalizer associated with a TMR level will be kept in the look-up table. Table 3.1
shows an example of the coefficients of the asymmetric 2D target for some TMR
levels at the ADs of 2.0 and 3.0 Tb/in?, which are used in this TMR mitigation
method.

Table 3.1 The coefficients of the 2D target and its 2D equalizer for some TMR level.

TMR 2D target coefficients 2D equalizer coefficients
0.0692 0.3255 0.0692 -0.0107  0.0203 -0.0059
0% 0.1785 08398 0.1785 0.0197 0.8056 0.0108
0.0692 0.3255 0.0692 0.0065 -0.0119 0.0211
0.0829 0.3902 0.0829 -0.0075 0.0185 -0.0066
10% 0.1770 0.8328 0.1770 0.0124 0.7968 0.0137
0.0567 0.2671 0.0567 -0.0069 0.0194 -0.0062
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
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It should be pointed that the 2D Viterbi detector is designed for the
asymmetric 2D target [2] as illustrated in table 3.1. The three bits from the three
adjacent tracks {upper, main, and lower tracks) are sent by the readhead so that
each symbol represents these three bits resulting 8 combinations in total. The
asymmetric 2D target has the current and 2 previous symbols {i.e., 2 memory taps)
giving 8% = 64 states. Therefore, its trellis has 64 states and 8 outgoing branches each

states.

3.2.6 Summary
The TMR estimation method by using only the readback signal for a BPMR

system corrupted by AWGN, inter-symbol interference, and inter-track interference.
We also propose a method for equalizer designing based on the estimated TMR
level. Specially, we first estimate the SNR based on the peak amplitude of the
readback signal. Then, the estimated TMR level is determined based on the read-
back signal energy and the estimated SNR level. At the read channel, the readback
signal is equalized with the matched equalizer, which is designed based the TMR
level. However, the TMR estimation of this method depends mainly on that of the
SNR estimation. Thus, this method has several equations to calculate TMR levels, it
depend on each SNR level also. Therefore, we will propose TMR estimation method

without SNR estimation in the next section.

3.3 MSE Technique for TMR estimation

In this topic, we present to estimate the TMR levels from the readback signals
but only calculate mean-square error (MSE) between the equalizer’s outputs and the
fixed target’s outputs. Then, we mitigate the TMR effect by adjusting the equalizer’s

coefficient,
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3.3.1 BPMR channel model
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Figure 3.8 Block diagrarmn of BPMR system with the proposed
TMR mitigation approach.

This work focuses on a discrete-time BPMR channel model with multi-track
processing [14] as depicted in Figure 3.8. The readback signal corrupted TMR effect
can be calculated from {2.12) in Chapter 2 similar to previous work.

3.3.2 Proposed TMR mitigation approach

Firstly, we have designed the 2D equalizer coefficients with the fixed 2D target
in each TMR levels e.g., at 0%, 5%, 10%, 15%, 20%, and 25%. These 2D equalizer
coefficients will be kept in look-up table which storage in an altermate data memory.

Then, the MSE are determined using the equalizer’s outputs, zox and the fixed

target’s output, dox for each TMR levels as shown in Figure 3.8. It is importance to
note that the 2-D equalizer coefficients used in this process was designed without
corrupting of TMR effect {TMR = 0%) and signal-to-noise ratio (SNR) is fixed at 20
decibel (dB). The MSE values for each TMR level can then be calculated as following

equation,

l «s 2
MSE = EZH (Zos ~dos) (3.7)
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Figure 3.9 The relationship between the TMR levels (%) and the MSE of the

equalizer’s outputs and the fixed target’s output.

where S is the length of the equalizer’s outputs or tareet’s outputs. Therefore, there
will be six MSE values as illustrated in Figure 3.9, which will be next used for creating
the estimated TMR eguation. In this work, we use a curve fitting technique [14] so as
to obtain a polynomial function that provides the best fit line from Figure 3.9 to the
MSE values. This polynomial function can be utilized to approximate the TMR level

according to following equation,
TMR = b, + Bwse + bywse” +...+by s | (3.8)
where TMR is the estimated TMR, b and N are the coefficient and a degree of the

polynomial equation in (3.8), respectively, and f{o, 1 ...,N}, where N = 2 provides
the best fit between the actual and the estimated TMR levels.
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3.3.3 Summary
This topic presents the TMR estimation method by using MSE to find different

values between the equalizer’s outputs and fixed target’s output for a BPMR system
corrupted by AWGN and 2D interference. Then, these different values are utilized for
selecting the properly 2D equalizer coefficients. However, this method simulation in
Viterbi detector and we would like to adapt this method for iterative TMR mitigation

method for increasing performance as following in next topic.

3.4 An iterative TMR mitigation method

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 2D asymmetric target and its corresponding 2D 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 2D target and its corresponding 2D 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.

3.4.1 BPMR Channel Model
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(a) The sender.
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Figure 3.10 Block diagram of a coded BPMR channel model with the proposed

iterative TMR mitigation method: (a) The sender and (b) The receiver.

To consider a discrete-time BPMR channel model [4], [16] in Figure 3.10. An
input data sequence of U, €{0.1} length 3640 b with a bit period 7y is encoded by a
rate-8/9 LDPC code to obtain a sequence x,, €{0,1of length 4095 bit, where the
parity-check matrix has 3 ones in each column and 27 ones in each row. The
readback signal of the K data bit of the /M track can be expressed as (2.9) where the
values of x are the recorded bits, { €1{0,—1,+1} represents the main, upper, and .
lower track, respectively, the values of A, are the 20 channel coefficients, m and n
represent the time indices of the bit island in the acrosstrack and the along-track
directions, respectively, and ny is an additive white Gaussian noise with zero mean
and variance ¢°. In practice, hm,, can be obtained by sampling the isolated island
pulse response at the integer multiples of the bit period 7, and the track pitch 7;
according [25] in (2.10) for calculation the 2D Gaussian pulse response with media
noise given by equation (2.8). In addition, the read-head offset or the TMR is assumed
to be positive for the upward offset, as shown in Figure 3.1.

At the receiver, the readback data sequences {q,,,} are equalized by a 2D

equalizer to obtain the sequences {zt,g} and sent to three 2D soft-output Viterbi

algorithm (2D SOVA) detectors to produce the three-track soft information A, before
passing them to the LDPC decoders to output the three-track log-liketihood ratio
(LLR), /71,,( 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 [34] with Nipec internal iterations. Then, the LLR sequences are fedback to

each corresponding 2D-SOVA detector for the next turbo iteration, Nr.
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At each global iteration, Ng, the three-track LLR sequences are mapped to

>?,,k €{*1}, and sent to the 2D asymmetric targets to produce all possible target
outputs {30,,(}. Thus, the TMR estimation block computes the MSE between each
sequence Eo,kand the equalizer output Z, , from the previous global iteration, and
then outputs the estimated TMR, TFO\R, corresponding to the 2D target used to

generate the sequence 3o,k that provides a minimum MSE (MMSE). Therefore, a new

set of the 2D target and its corresponding 2D equalizer will be used for the next
global iteration. In particular, the original readback data sequences {;,} will be re-

equalized by the new 2D equalizer before sending them to the 2D SOVA detectors
implemented based on the new 2D target. Note that only one 2D equalizer is used
to equalize three input sequences and then output three equalized sequences in
the iteration process, whereas all 2D SOVA detectors employ the same 2D target. In
addition, this paper focuses only on detecting the data on the main track, similar to
[14].

3.4.2 Equalizer and target design

We design a pair of 2D target and its corresponding 2D equalizer for the TMR
levels of 0%, 5%, 10%, 15%, 20%, and 25%, based on an MMSE approach [19,24],
and employ them in the simulation. In practice, the target and its corresponding
equalizer can be obtained by minimizing as (2.15). In the third proposed method, we

use the optimize 3x3 GPR target G which is similar to the channel matrix, i.e.,

0.0824 0.3876 0.0824
G=| 0.2125 10000 0.2125
0.0824 0.3876 0.0824

for each TMR levels (0%, 5%, 10%, 15%, 20%, 25%) and the size of the 2D equalizer
is 3x7.

3.4.3 TMR estimation

The estimated TMR (TOR) is computed by the TMR estimation block. In
particular, the LLR output of the LDPC decoders at the last turbo iteration (Nr = 3)
will be mapped to the estimated recorded sequence £, before convolving with each

predesigned 2D target to obtain six data sequences, {Z,,}. Then, we calculate the

MSE between each sequence Z, and the equalizer output z,, according to



42

1 . .
MSE= §2i=1(zo,k _zo,k)2 . (39)

Where S is the length of the equalizer output. Eventually, the 2D target used to
generate Z,,that yields a minimum MSE and its corresponding 2D equalizer will be

employed to process the original readback sequences {ru }during the next global

iteration.

3.4.4 Summary
In this topic, we present the iterative TMR mitigation method for the BPMR

system based on the readback signals. In particular, the three adjacent data tracks
(ie., 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 2D target and its corresponding 2D equalizer, that is, the best
fit to the estimated TMR level for the next global iteration.

3.5 TMR prediction and collection using multiple readheads

In our previous works [35,26] the TMR mitigation methods were introduced
based on the readback signals with a single reader. Specifically, the TMR was
predicted by the estimated signal-to-noise ratio (SNR) and the average energy of the
readback signal [35]. Thus, the accuracy of the TMR estimation from this method
depends mainly on that of the SNR estimation. An iterative method was employed
to estimate the TMR level in a coded BPMR system [36]. Although this method is
independent of the SNR level, three detectors are required to perform the TMR
estimation. Nonetheless, these methods cannot accurately predict a TMR level,
especially when the system operates in low TMR regime.

Recently, multiple readheads have been an interesting challenge for next-
generation magnetic recording systems, and many researchers utilize a readhead
array to estimate and mitigate inter-track interference (ITl} in magnetic recording
systems [37-39]. Moreover, a practical multi-head multi-track (MHMT) detector [37]
that provides a low-complexity approach to adaptively estimate the time-varying Tl
was presented. In general, the MHMT detector can handle the [Tl effect better than a
single-head single-track detector. Thus, the reduced state seguence estimation
algorithm [38] to significantly decrease the complexity of the MHMT detector was

discussed. G. Mathew [39] et al, also show the advantages of using multiple
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readheads in magnetic recording systems. Therefore, this paper proposes to employ
multiple readheads to predict and correct the TMR in a BPMR system as illustrated in
Figure 3.11. Specifically, we first predict a TMR level based on the signal energy ratio
between the upper and lower tracks. Then, the estimated TMR level is used to
select a pair of 2D target and its corresponding 2D equalizer from a look-up table

that is suitable for the channel with TMR so as to facilitate the data detection

process.

3.5.1 Channel model
To consider a multi-track multi-head BPMR system as shown in Figure 3.12, the
readback signal i, of the k™ data bit of the (" track can be expressed in (2.9) where

X,k 's are the recorded bits, te{o,—1,+1} represent the main, the upper, and the

lower track, respectively, hmn’s are the 2D channel coefficients, m and n represent the

time indices of the bit island in the across- and along-track directions, and n is

Upper track | | 4

Main track | + e TT
Lower track " +
(a) (b)

Figure 3.11 An array of three readheads for (a) the conventional scheme and (b) the

proposed scheme in the BPMR system with TMR, A, .
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Figure 3.12 A multi-track multi-head BPMR channel model with the proposed TMR

prediction and correction method.

an AWGN with zero mean and variance @ . In practice, the channel coefficients, hmn,
can be obtained by sampling the 2D Gaussian pulse response at the integer
multiples of the track pitch, T3 and the bit pitch, T, according to [25,36] where A = 1
is assumed to be the peak amplitude of the pulse response, PW, is the PWs, of the
along-track pulse, PW, is the PWsq of the across-track pulse, PWsp is the pulse width
at half its maximum, ¢ = 1/2.3548 is a constant to account for the relationship

between PWs, and the standard deviation of a Gaussian, and A, is the head offset as

shown in Figure 3.11. Here, we define the TMR level as
At a receiver, the readback signals are read by three readheads and are

equalized by a 2D equalizer followed by the 2D Viterbi detector to determine the

most likely data sequence on the main track, ’?M . Note that this paper focuses only
on detecting the data on the main track. In addition, each pair of 2D target and 2D
equalizer is designed based on a minimum mean-squared error (MMSE) approach
[14,25] for each TMR level and is then stored in the look-up table. In a conventional
system, each readhead will be positioned at the center of each track as shown in
Figure 3.11 (a). In contrast, the proposed scheme employs an array of three
readheads, where the upper and lower heads are moved closer to the center head
(e.g., by 25% of T,) as depicted in Figure 3.11(b).

We propose to utilize three readheads to read the data on three adjacent tracks,

and process them so as to predict and correct the TMR effect in the BPMR system.
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3.5.2 TMR predictor

For each TMR level, we compute the energy ratio of the two readback signals

associated with the upper and lower tracks (i.e., r,, and () according to

By = Zl,("-l,k )Q/Zj_l(rm )2 : (3.10)

TMR level (%)
s o
N .

-on

b 0.8 1 1 1.4 5
(2) Energy ratio (Emﬁo)

F / e ool 3 £ 2

Figure 3.13 The relationship between the TMR levels versus the energy ratios
at AD = 3.0 Tb/in®,

where S is the length of the readback signal samples (i.e., S = 32,768 ) bits for a 4K-
data sector [23]). Next, the estimated TMR level is obtained based on a polynomial

least-squares fitting technique, i.e.,

TMR = b, +BE,,, + b, Eep +.. b, Bl (3.11)

where TMR is the estimated TMR, b; and M are the /" coefficient and a degree of the
polynomial equation in (3.11), respectively, and /€ {O, 1, ...,M}. Then, we
perform an extensive simulation search to find a suitable M, where M = 3 provides
the best fit between the actual and the estimated TMR levels. Figure 3.13 plots the
estimated TMR level as a function of the energy ratios at 3.0 Tb/in? It is apparent

that the TMR level can be effectively estimated from (3.11) based on Eatio.
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3.5.3 Equalizer selector

The 2D target and its corresponding 2D equalizer are designed for each TMR
level based on MMSE approach, which minimizes a mean-squared error (MSE) [19]
according in (2.20). In the this proposed method, we use the fixed 3x3 GPR target G

which is close to the channel matrix, i.e.,

0.0824 0.3876 0.0824
G=| 02125 1.0000 0.2125

0.0824 03876 0.0824

for each TMR levels (0%, 5%, 10%, 15%, 20%, 25%) and the size of the 2D equalizer
is 3x7. Given the estimated TMR level, the equalizer selector will choose a pair of 2D
target and 2D equalizer from the look-up table to alleviate the TMR effect
embedded in the readback signal before sending it to the 2D Viterbi detector. Notice
that this paper assumes that the 2D target coefficients are the 2D channel
coefficients when the system has 0% TMR, similar to previous work [36]. Hence, we
fix this 2D target and use it to design all 2D equalizers for each TMR level i.e, at -
25%, -209, ..., -5%, 0% 5%, ..., and 25%, based on the MMSE approach, which will be
all stored in the look-up table.

3.5.4 Summary
This paper proposes the TMR prediction and correction method for an ultra-high

density multi-track multi-head BPMR system. The energy ratio between the readback
signals of the upper and lower readheads is used to predict the TMR level. Then, the
TMR effect is corrected by using the 2D equalizer that is the best fit to the estimated

TMR level. _
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3.6 Conclusion

In this Chapter proposéd 5 methods for estimation and mitigation TMR effects
based on readback signal in BPMR system. The first method proposed only TMR
estimation without mitigation TMR effect. Then, the method to mitigate TMR levels
base on equalizer designed with match TMR levels was proposed in second method.
Next, the third method proposad estimation TMR levels from MSE values of output’s
equalizer and output’s target. The fourth method proposed TMR estimation from
feedback the estimated record bit-and use the equalizer with match TMR levels for
mitigation TMR effect. Finally, the multi readheads are used for estimation and
mitigation TMR effect. So, the utilization of multiple readheads for TMR prediction

and correction in BPMR was proposed in fifth method.



Chapter 4
The Results of Mitigation TMR Methods

From previous in Chapter 3, this thesis proposed five methods for estimation
and mitigation TMR effect based on the readback signal in BPMR system. In this
chapter will be discussed the simulation results in the system from five methods,
follow as the simple TMR estimation methods, a TMR mitigation method, MSE
technique for TMR estimation, an iterative TMR mitigation method, TMR prediction
and collection using multiple readheads, respectively. The simulation results of this
thesis consider in BPMR system with several ADs of 2.0, 2.5 and 3.0 Th/in?, where
both the bit period and the track pitch are 7, = T, = 18, 16, and 14.5 nm, respectively.
Moreover, this work considers the 2D Gaussian pulse response with the along-track
PWsy of 19.4 nm and thé across-track PWs, of 24.8 nm as similar to [20]. In
simulation, the SNR is defined as (2.13) where o is a standard deviation of AWGN. In
addition, the accuracy of TMR estimation is measured from

TMR —TMR (4.1)
accuracy (%) =100 - —————x100,
TMR

for the simulation result, where TMR is the estimated TMR obtained from the
proposed method, and TMR is the actual TMR embedded in the readback signal.
Finally, the conclusion will be discussed in the end of this chapter.

4.1 Simple TMR estimation methods results

The simple TMR estimation method studies the performance of the proposed
methods in the BPMR system shown in block diagram in Figure 3.2 from chapter 3 at
ADs of 2.0, 2.5, and 3.0 Tb/in?, where TMR is the estimated TMR obtained from the
proposed method, and TMR is the actual TMR embedded in the readback signal.
Figure 4.1 demonstrates the percentage of the estimation accuracy of the proposed
method in the BPMR system. Clearly, the proposed method can provide an accuracy
of more than 80% when the TMR level is greater than 10%. In addition, the accuracy
percentage approaches to nearly 100% when SNR is very high. For example, at high
SNR (e.g., 20 dB and 25 dB) of each TMR level (from 5% to 25%), this work can
achieve the accuracy of about 95%. Consequently, the proposed estimation method
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Figure 4.1 The relationship between the SNR levels and the percentage of
the estimation accuracy of the proposed method at AD = 2.0 Th/in®.

can be effectively employed to estimate the TMR level, especially when SNR and
TMR are high. However, the low SNR levels provide an accuracy of less than 40%, in
particularly, when the TMR level is low because the effect of TMR is dominant by
high AWGN noise. Therefore, the accuracy of the proposed method is not well.

4.1.1 Summary

The first method proposes a method to estimate a TMR amount based only on
a readback signal. Firstly, the signal-to-noise ratio (SNR) is estimated based on the
peak amplitude of the readback signal. Then, it determines @ TMR level using the
average signal energy and the estimated SNR. Simulation results show that the
proposed method can predict the TMR level embedded in the readback signal with
95% accuracy, especially when TMR and SNR level are high.

4.2 A TMR mitigation method results

The second method studies the performance of the proposed methods (both
the symmetric and the asymmetric systems) in the BPMR system shown in Figure 3.5
from Chapter 3 at ADs of 2.0, 2.5, and 3.0 Tb/in?, where both the bit period and the
track pitch are 7, = T, = 18 and 14.5 nm, respectively. Additionally, this paper
considers the 2D Gaussian pulse response with the along-track PWso of 19.4 nm and
the across-track PWsq of 24.8 nm. Each bit-error rate (BER) point is computed using as



50

many 4K-data sectors as required to collect a minimum number of 500 error bits.
Furthermore, the accuracy of TMR estimation is measured from (4.1).

The accuracy of TMR estimation is similar to Figure 4.1, it demonstrates the TMR
estimation accuracy (in percentage) of the proposed method in BPMR system at AD
of 2 Tb/in?. Clearly, the proposed method can provide a good estimation of TMR
tevel, especially when TMR is large and SNR is high. For example, it is possible to
achieve 95% accuracy of TMR estimation when SNR is greater than 15 dB and TMR is
larger than 15% . Therefore, it can be concluded that the proposed method can be
effectively used to estimate the actual TMR embedded in the readback signal,
especially when SNR and TMR are high.  Moreover, this work found that the
estimation accuracy is less than 40% when TMR and SNR are small. This might be
because the effect of TMR ranged from 0% to 5% is very similar and AWGN is

dominant because of low SNR.
The second method also compares the BER performances of the proposed

methods and the conventional system for various ADs and various TMR effect levels.
The curve labeled “Conv-TMR 0%” represents the conventional system without TMR
effect, which vields the best performance, and the curves labeled “Conv-TMR 5%”,
“Conv-TMR 10%” and “Conv-TMR 20%” represent the conventional system with
TMR effect at 5%, 10% and 20%, respectively. Moreover, the curve labeled
“Proposed-Sym-TMR X% represents the proposed method with a symmetric target
at the TMR level of X% whereas the curve labeled “Proposed-Asym-TMR X%”
denotes the proposed method with an asymmetric target at the TMR level of X%. At
AD = 2.0 Th/in% the results show that the proposed methods (symmetric and
asymmetric systems) yield slightly better performance than the conventional system
for all TMR levels, as illustrated in Figure 4.2 and Figure 4.3.

However, this method can obtain a higher performance gap when the AD is
increased, e.g., at AD = 3.0 Th/in?. Specifically, when AD increases, not only the [Tl
effect is more severe, but also the TMR can easily occur in the system even though
the read head slightly moves away from the main track. Fortunately, the proposed
method can handle the severe TMR effect. It can see that the symmetric system
performs slightly better than the conventional system at 5% TMR level and offers
the performance gain about 4 dB at BER 10* and 10% of the TMR level: however,

both the conventional and the symmetric systems cannot provide satisfactory



A

& 10 ;
g0 é.
N L Conv-TMR0% “i
10 & —@— Conv-TMR5%
: —— Conv-TMR10%
_GL —— Conv-TMR20%
10 § ~g@gem= Proposed-Sym-TMR5% 3
=i~ Proposed-Sym-TMR10% L1
, - P]:oposed-Sym-'IFMRZO% .- r ‘- ]
10 T AN $2 14 16
SNR (dB)

Figure 4.2 Performance comparison of various systems at AD = 2.0 Thyin? with
various TMR levels.

(R wRRTeT}

TEEETHf

o vl P T BTN TY |

BER

el

(R ERTL

5| == Cony-TMR0%

=—®— Conv-TMR5%

—h— Conv-TMR10%

—il— Conv-TMR20%

==@-= Proposed-Asym-TMR5%
-=&c- Proposed-Asym-TMR10%
=== Proposed-Asym-TMR20%
7 : . . i
6 8 10 12 14 16
SNR (dB)

10°

CREELIL

10

Ty

10

Figure 4.3 Performance comparison of various systems at AD = 2.0 Tb/in® with
various TMR levels.



10
2
10
-3
@107k
= Conv-TMR0%
© —@— Conv-TMR5%
—— Conv-TMR10%
10'4 L —— Conv-TMR20%
F =--@-= Proposed-Sym-TMR5%
. == Proposed-Sym-TMR10%
r =+~ Proposed-Sym-TMR20%
p |
10 L 3 LLL o L d . . I
10 15 20 25 30
SNR (dB)

0

Figure 4.4 The performance between conventional and asymmetric systems for

10

—
<,
gy

L N Y I S N

'
w

each TMR level at AD = 3.0 Th/in%

Conv-TMR0%

—@— Conv-TMR5%

=~ Conv-TMR10%

=il Conv-TMR20%

==@ - Proposed-Asym-TMR5%
-=#=- Proposed-Asym-TMR10%
=== Proposed-Asym-TMR20%

i

—
o

10 15 20 25 30
SNR (dB)

Figure 4.5 The performance between conventional and a symmetric systems for

each TMR level at AD = 3.0 Tb/in®



53

performance for high TMR levels, as demonstrated in Figure 4.4. On the other hand,
the asymmetric system is superior to the conventional especially when TMR is high.
Specifically, it can provide a performance gain over the conventional system about
0.5 and 6 dB at BER 107 for the TMR level of 5% and 10%, respectively, as shown in
Figure 4.5. Therefore, it is of importance to notice that the proposed TMR estimation
method can be also well performed when it encounters with some media noise, €.,
position jitter (not shown here). Consequently, it can be implied that the proposed
methods perform better than the conventional receiver because the detection
process utilizes the 2D target and its corresponding equalizer that match with the
BPMR channel with TMR. Nevertheless, the proposed methods require some extra
memory to store the 2D target and the equalizer that are suitable for each TMR

level.

4.2.1 Summary

This work proposes a novel method to alleviate the TMR effect, based on the
readback signal. Specifically, the readback signal is directly used to estimate a TMR
level and is then further processed by the suitable target and equalizer designed for
such a TMR level. Simulation results indicate that the proposed method can
sufficiently estimate the TMR level and then vields a better performance than the
conventional receiver (without a TMR mitigation method), especially when an areal

density is high and/or a TMR level is large.

4.3 MSE Technique for TMR estimation results

The third method proposes TMR mitigation approach in the BPMR system at an
areal density (AD) of 3.0 Th/inZ, where TMR is the estimated TMR obtained from the
proposed method, and TMR is the actual TMR embedded in the equalizer’s outputs.

The result in Figure 4.6 show as the TMR estimation accuracy {in percentage) of
the proposed method in BPMR system at AD of 3.0 To/in?. Clearly, the proposed
method can achieve a good estimation of TMR level, especially when TMR large and
SNR are high. For example, the proposed method provide the accuracy percentage
more than 80% of TMR estimation when SNR is greater than 15 dB and TMR is larger
than 15%. Therefore, it can be concluded that the proposed method can be
offectively used to estimate the actual TMR from the MSE of the equalizer’s outputs
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and fixed target’s output, especially when SNR and TMR are high. However, this
methods estimate the low TMR level are not well. The estimation accuracy is still
less than 40% when TMR and SNR are small. This might be because the effect of
TMR ranged from 0% to 5% is very similar and AWGN is dominant because of low
SNR.

This work also compares the BER performance of the proposed systems with
the conventional system as illustrated in Figure 4.7, where the conventional system
performs without any TMR mitigation method. The labeled as “Convent-TMR PT%”
represents the conventional system. The PT% is the TMR effect PT%. The one
labeled as “Proposed-TMR PT%”" represent the proposed TMR mitigation approach.
Clearly, the proposed system performs better than the conventional system for all
TMR levels, especially when the TMR is high. It is very importance to note that the
proposed method in this work, it does not consider the position jitter noise.

4,3.1 Summary

This third method proposes a simple TMR mitigation approach based on the
readback signal in bit-patterned media recording (BPMR} systems. It begins with
calculating the mean-square error (MSE) between the equalizer’s outputs and the
fixed target’s outputs for each TMR levels, which next will be collected in the look-
up table. Then, the TMR levels are estimated utilizing these data from the look-up
table before selecting the properly equalizer coefficients which matches with TMR
level. In simulation results, it found that the proposed TMR mitigation approach
offers the performance gain better than the conventional system, especially when
the TMR is high.

4.4 An iterative TMR mitigation method results

This fourth method evaluates the performance between 1) the conventional
system (ie., the system in Figure 3.10, but without TMR mitigation) and 2) the
proposed method in Figure 3.10, at the AD of 3.0 Tb/in? (e, Tx = T> = 14.5 nm),
where the 2D Gaussian pulse response with the along-track PW50 of 19.4 nm and the
acrosstrack PW50 of 24.8 nm is considered, similar to [20]. This work also defines the
signal-to-noise ratio as equation (2.13), where Vp = 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 bit data sectors as needed to collect 500 erroneous
bits. In simulation, the 2D target and its corresponding 2D equalizer designed for 0%
TMR level will be used at the first global iteration (ie., NG = 1), and employ Nipec =
3, NT=3,and NG = 2
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This method first investigate the accuracy of our TMR estimation method. To do
s0, this method sends 5000 data sectors (each with random TMR ranged from 0% to
25%) into the system in Figure 3.10, 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%,
1009%, 99%, 92%, 85%, and 83%, respectively as Figure 4.8. Clearly, the proposed
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Figure 4.8 The relationship between the TMR levels and the percentage of the
estimation accuracy of the proposed method.

method can correctly estimate the TMR level almost 100% when the TMR is < 10%,
which is better than the method in [14]. Next, this method compares the BER
performance of different systems for various TMR levels at the AD of 3.0 Tb/in? in
Figure 4.9. 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 mance gain of >1.5 dB over the
conventional system, when the TMR effect is > 5%. This method also verifies that
the proposed TMR mitigation scheme can perform well in the presence of media
noise, e.g., position jitter, as shown in Figure. 4.10, where it fixes a TMR level at 10%
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and vary the position jitter amount, &/7, from 0% to 5%. The curve labeled
Convent-Jitter X% and Proposed-lJitter 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 = 107 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 2D target and its corresponding 2D equalizer that matches the actual
TMR to reprocess the readback signal will offer some 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.

4.4.1 Summary

This method proposes an iterative TMR mitigation method for BPMR systems
based on the readback signals. First, it designes several pairs of the 2D asymmetric
target and its corresponding 2D equalizer that match the BPMR channel for each TMR
level. Then, this work exploits the three adjacent data tracks obtained from the low-
density parity-check decoders to estimate the TMR level. Last, a pair of the 2D
asymmetric tareet and its corresponding 2D 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.



59

4.5 TMR prediction and collection using multiple readheads results

The fifth method evaluate the system performance at the AD of 3.0 Tb/in2 (ie,,
x = T = 14.5 nm) among 1) the conventional system | without TMR prediction and
correction method; 2) the conventional system I, assuming that TMR is known and
the receiver uses the 2D equalizer designed for that TMR; and 3) the proposed
system, where the 2D Gaussian pulse response with the along-track PW50 of 19.4 nm
and the across-track PW50 of 24.8 nm is considered, similar to previous work [36]. In
simulation, the SNR is defined as (2.13). This method also measures the accuracy of
TMR estimation from (4.1) where TMR is-the estimated TMR obtained from the
proposed method, and TMR is the actual TMR embedded in the readback signal.
Figure 10 shows the accuracy of TMR estimation in percentage at different SNRs.
Clearly, the proposed method can predict the TMR well, especially at high TMR
levels. In addition, it founds that the accuracy of our TMR- estimation method is
independent of SNRs.

From now on, this work assumes that the BPMR-system experiences the TMR
effect only in the upward direction (i.e., A, is a positive value). Note that this paper
will not consider a media noise in the system so as to make it easy to understand
the behavior of the TMR effect. Figure 11 compares the performance of different
systems at AD = 3.0 Th/in2 in terms of the MSE in dB according to
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5 ) ©2)
MSE =10log,, (z{zo,k - O,k} ).

k=1

Apparently, the proposed system yields the lowest MSE for all TMR levels. That
means the proposed equalizer can perform with the proposed multi-track reading
systems as Figure 11. Finally, Figure 4.12 compares the performance of different
systems at AD = 3.0 Tb/in2 by plotting the SNR required to achieve bit-error rate
(BER) of 10" as a function of TMR levels. It is clear that the proposed system is
superior to other systems, especially when TMR is large. The reason might be
because the proposed TMR estimation method can achieve a very high accuracy for -
all TMR levels as depicted in Figure 4.13. Therefore, it can be implied that the
proposed method can help improve the quality of the readback signal before
sending it to the 2D Viterbi detector, thus leading to a better BER performance, It can
be concluded that by moving the upper and lower read heads closer to the center
read head as shown in Figure 3.11(b) from Chapter 3, ocne can obtain the better
readback signals with less ITI effect if compared to the conventional setting in Figure
3.11(a) from Chapter 3, thus leading to the improved system performance,

4,5.1 Summary

This method proposes a utilization of multiple read heads to predict and
correct a track mis-registration (TMR) in bit-patterned media recording (BPMR) based
on the readback signals, This method propose to use the signal energy ratio between
the upper and lower tracks from multiple read heads to estimate the TMR level.
Then, a pair of two-dimensional (2D) target and its corresponding 2D equalizer
associated with the estimated TMR will be chosen to correct the TMR in the data
detection process. Numerical results show that the proposed system can achieve a
very high accuracy of TMR prediction, thus performing better than the conventional
system, especially when TMR is severe.
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4.6 Discussion

This Chapter discuss the simulations result of all proposed methods for
estimation and mitigation TMR effects based on readback signal in BPMR system. All
method can achieve the high accuracy in percentage well. Especially while TMR are
large they can achieve the performance gain more than the conventional methods.
Next, this thesis would like to conclusion of atl proposed methods in the Chapter 5.



Chapter 5

Conclusion and Recommendation

This thesis investigated signal processing for bit-patterned media recording
{BPMR) channels with TMR effect. The contributions of this work and the conclusions
are summarized in this chapter. Some suggestions for continuing this work and future
work are provided at the end of this chapter. Based on the work carried out in this

thesis, it conclude the following.

5.1 Simple TMR estimation methods

The first method proposed the TMR estimation method by using only the
readback signal for a BPMR system corrupted by AWGN and, inter-symbol
interference and inter-track interference. Specifically, This method first estimate the
SNR based on the peak amplitude of the readback signal. Then, the estimated TMR
level is determined based on the readback signal energy and the estimated SNR
level. Experiment results indicate that the proposed method can effectively estimate
the TMR level, especially when SNR and TMR are large. It should be pointed out that
this estimation method can be adapted in designing a 2D equalizer and a 2D
detector in BPMR systems so as to cope with this TMR problem.

This method can provide the high accuracy percentage of TMR estimation,
specifically when the TMR are large. However, this method cannot estimate TMR in
the low TMR levels, Moreover, in this method did not consider to mitigate TMR
effect in the system. Therefore, a TMR mitigation method is proposed in the second
method.

5.2 A TMR mitigation method

The second method proposed the TMR mitigation method for an ultra-high
density BPMR system. The proposed method starts with estimating the SNR based on
the average peak amplitude of the readback signals. Then, the estimated TMR level

can be computed based on the estimated SNR and the average energy of the
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readback signals. Once the TMR level is known, this work can choose the target and
its corresponding equalizer that match.

In this method, the TMR estimation technique is similar to the first method and
achieve the performance gain more than the conventional system (without TMR
estimation), However, the TMR estimation method still depends on the SNR levels.
To ignore the SNR estimation method and reduce the equations for estimating TMR
levels. Therefore, the MSE technique for TMR estimation is proposed in the third

method.

5.3 MSE technique for TMR estimation

The third method proposed the TMR estimation method by using MSE to find
different values between the equalizer’s outputs and fixed target’s output for a
BPMR system corrupted by AWGN and 2D interference. Then, these different values
are utilized for selecting the properly 2D equalizer coefficients. The experiment
results indicate that the proposed methods can effectively estimate the TMR levels
and also shows that the proposed method can offer the BER performance gain over
the conventional system at high AD and high TMR levels.

This TMR estimation method is independent of SNR estimation method, it can
provide the high accuracy percentage of TMR estimation, especially when the TMR
levels are large. However, the accuracy of TMR estimation is not well in the low TMR
level. Therefore, for increasing the accuracy percentage in the low TMR levels, an
iterative TMR mitigation method for improving the low TMR level estimation is

proposed in the fourth method.

5.4 An iterative TMR mitigation method

The forth method proposed the iterative TMR mitigation method for the BPMR
system based on the readback signals. In particular, the three adjacent data tracks
(ie., 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 2D target and its corresponding 2D equalizer, that is, the best

fit to the estimated TMR level for the next global iteration. As shown in simulation,
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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.

This method provides the high accm.;racy percentage of TMR estimation in all
TMR levels. However, this method uses several 2D-Sova detectors for feedback the
estimated record bits of three tracks to estimate TMR levels, it has several detectors
to provide the performance only the center track. Therefore, A TMR prediction and
collection using multiple readheads in the fifth method is proposed for reducing the

process feedback for TMR estimation.
5.5 TMR prediction and collection using multiple readheads

The fifth method proposed the TMR prediction and correction method for an
ultra-high density multi-track multi-head BPMR system. The energy ratio between the
readback signals of the upper and lower read heads is used to predict the TMR level.
Then, the TMR effect is corrected by using the 2D equalizer that is the best fit to the
estimated TMR level. Simulation results indicate that the proposed system can
effectively estimate the all TMR level, and then performs better than the
conventional system, especially when the system encounters high TMR amount.

From utilizing multi readheads in this method, it can provide the best
performance more than all proposed methods in this thesis. However, it still achieve
the best performance in the center track similar to the fourth method and this point
is some significant for finding some technique to utilize three readheads for three

tracks.
5.6 Suggestions for future work

Form the fifth method, this thesis use multi readheads for estimation and
correction TMR in BPMR system, it can achieve the high accuracy percentage of TMR
estimation and high performance gain more than all proposed methods in this thesis.
However, this fifth method cannot improve the performance of both sidetracks.
Therefore, this point is some significant for finding new methods to improve the
performance of both sidetracks such as the equalizers or detectors designing.
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Abstract—Track mis-registration (TMR) is one of crucial
factors on the performance of bif-patterned media recording
(BPMR) systems. Because of the movement of a read head and
the rotation of a magnetic disk, the center of the read head
may move away from its center location of a data track, thus
resulting in a TMR effect, which can deteriorate the overall
system performance. In general, the TMR effect can be detected
and handled by a serve system. However, the servo system
usually requires inherent sector-level latency mechanisms for
head adjustment. Therefore, this paper proposes a method to
estimate a TMR amount based only on a readback signal. Firstly,
the signal-to-noise ratio (SNR) is estimated based on the peak
amplitede of the readback signal. Then, we determine a TMR
level using the average signal energy and the estimated SNR.
Simulation results show that the proposed method can predict the
TMR level embedded in the readback signal with 95% accuracy,
especially when TMR and SNR level are high.

Keywords—DBit-patterned media recording (BPMR); estimation
methoed; signal-to-noise ratio (SNR); track mis-registration (TMR)

I. INTRODUCTION

Track mis-registration (TMR) effect is a major obstacle for
increasing an areal density (AD) in ultra-high density mag-
netic recording systems such as bit-patterned media recording
(BPMR) [1], [2]. The TMR effect is occurred due to the
misalignment between the center of the read head and that of
the main data track as illustrated in Fig. 1. Because of TMR,
the readback signal may experience even more severe inter-
track interference, which will further degrade the performance
of data recovery process in BPMR systems [3], [4].

To handle the TMR effect, a servo system provides an
inherent sector-level latency of the detection of servo bursts
before any head adjustment can be made. This servo burst
field has the information that can be used to estimate the
amount of read head offset. However, it is generally difficult
to predict the TMR quantity to the next servo sector, when
TMR is compensated by only burst signals, especially when
TMR goes beyond the limit {51, [6], [7].

In practice, several TMR estimation methods based on the
readback signal have been proposed in the literature [8], [9].
Nonetheless, these methods require the knowledge of some
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Fig. 1. TMR in a BPMR system, i.e,A7.

recorded data and empley high complexity processing (e.g.,
calculating many correlation functions) for estimating TMR
levels. Thus, this paper proposes a2 novel TMR estimation
method, which is based only on the readback signal. Specifi-
cally, at high SNR, our method can provide up to 95% accuracy
at high TMR level (i.e., 20%-25%).

This work begins with studying the relationship among
the statistical information of the readback signal, signal-to-
noise ratios (SNRs), and various TMR levels. Hence, these
relationships will be employed to generate the mathematical
equations {o use estimating the SNR and the TMR level. In this
waork, we first estimate the SNR using the peak amplitude of
the readback signal from one data sector. Then, this estimated
SNR level wiil be utilized to estimate the TMR level according
to the readback signal energy.

This paper is organized as follows. In Section II, the BPMR
channel model is described. Section III explains the proposed
TMR estimation method. The simulation results are given in
Section IV. Finally, Section V concludes this paper.

II. CHANNEL MODEL

In this paper, we focus on a discrete BPMR channel model
[5), [6] as depicted in Fig. 2. The readback signal of the &t
data bit on the main track can be expressed as

Tok = Z Z h—m,nﬁ-—m,k-—n = g, ks (D
n m
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Fig. 2. Block diagram of BPMR system with proposed SNR and TMR estimations.

where zg ;s are the recorded bits on the main track, Ay n’s
are the 2D channel coefficients, m and » represent the time
indices of the bit island in the across-track and the along-
track directions, and ng,j is an additive white Gaussian noise
(AWGN) with zero mean and variance o2. Practically, the
channel response coefficients h,, ,, of BPMR systems can be
generated by sampling the 2D Gaussian pulse response at the
integer multiples of the bit period, 7)., and the track period,
T 1l

hmn = P (nT, + Ap, mTy), (2)

where P(z,z) is the 2D Gaussian pulse response, z and x
are the time indices in the across-track and the along-track
directions, {m,n} € (—L,...,0, ..., L), 2L+1 is the length of
P(z,z), 2L+1 is the 2D channel length, L is an integer, and
A« is the head offset or the distance between the center head
and the center of the main track as shown in Fig. 1. Generally,
L should be large enough to ensure that the tail amplitude of
P(z,z) is small (here, we use L = 1 for simplicity). In this
paper, the sign of A is assumed to be positive for the upward
offset, where the TMR level is defined as

TMR (%) = —‘?3 x 100. @)

z

Furthermore, we consider the 2D Gaussian pulse response
of the form [10]

2 2
P(z,$)=Aexp{—%2_ l:(%) +(Z;—‘$T)
“4)

where A4 = 1 is assumed to be the peak amplitude of the pulse
response, PWx is the PW5g of the along-track pulse, PWz is
the PW5 of the across-track pulse, PWjq is the pulse width
at half its maximum, ¢ = 1/2.3548 is a constant to account for
the relationship between PWj, and the standard deviation of
a Gaussian.

In Fig. 2, the recorded bits, T-1 ks T0,ks and zy 4 from
the upper, the main, and the lower tracks, respectively, are
sent to the BPMR channel corrupted by TMR and AWGN.
At the read side, the readback signal is used to determine
its peak amplitude, Apeax, and the average energy, Eeper,
simultaneously. Then, the estimated SNR, SNR, is obtained
based on Apeax (Will be explained in Section III. A). Finally,
we compute the estimated TMR, TMR, using Eeper and SNR.

III. PROPOSED METHOD

A. SNR Estimation

In this work, we collect 100 samples of the readback
signals at each SNR level from 0 to 25 decibel (dB), where
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Fig. 3. The relationship between the SNR levels and the average peak

amplitude of the readback signals.

each readback signal is affected by a random TMR level
from 0% to 25%. For each SNR level, we average the peak
amplitude of all readback signals. Using these two data sets
of the SNRs and the average peak amplitudes, we propose
to employ a curve fitting technique to obtain a polynomial
function to approximate the SNR based on the known average
peak amplitude. The polynomial function using the curve
fitting technique is

SNR = ag + a1y+ a2y’ + ... +any™, (5

where SNR is an estimated SNR, a; is the i'! coefficient of the
polynomial equation, i € {0,1, ..., N}, N is a degree of the
polynomial equation, y is the peak amplitude of the readback
signal. Based on extensive heuristic research, we found that
N =5 is sufficient for our model because a higher order does
not provide any performance gain on the accuracy of SNR
estimation. In Fig. 3, we compare the real SNR value and
the estimated SNR using (5). The x-axis is the average peak
amplitude of the readback signals and the y-axis is the SNR
levels. The result is similar so that we use the curve fitting for
estimated SNR level.

B. TMR Estimation

To estimate the TMR level, we compute the energy of the
readback signal at SNR = 0 dB for each TMR level (i.e., 0, 5,
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10, 15, 20, and 25%) according to

1 L
Eener = ﬁ Zk:l Tg,kﬂ (6)

where M is the length of the readback signal, which is equal
to 32768 bits as a 4k data sectors [11].

Next, we also use the curve fitting technique so as to
obtain a polynomial function that provides the best fit line
for the relation between the TMR and the average energy of
all readback signals. This polynomial function can be utilized
to approximate the TMR level according to

TMR = by + biu +bu® ¥ 2.+ bpu®, @)

where TMR is an estimated TMR, b; is the i coefficient of
the polynomial equation, i € {0,1, ...,F'}, F is a degree of
the polynomial equation (here we use F' = 5 for simplicity), u
is the average signal energy, which is equal to Eg,., in Fig. 2.

Fig. 4 depicts the relationship between the TMR level
and the average energy by plotting the average energy of all
readback signals as a function of TMR levels. We repeat this
step by varying the SNR level from 0 to 25 dB to obtain each
curve in Fig. 4. The line dot is the SNR 0 dB and the next lines
are the SNR level to increase by 1 dB up to SNR 25 dB. It is
apparent that if we know the estimated SNR (SNR) and the
average energy (Eeper), we can easily compute the estimated
TMR (TMR) from (7).

IV. SIMULATION RESULTS

We test the proposed method in the BPMR system given
in Fig. 2 at an areal density (AD) of 2 Tb/in?, where both
the bit period and the track pitch are T, = T, = 18 nm, the
along-track PWsq is 19.4 nm, and the across-track PWj is
24.8 nm, as similar to [12]. The SNR is defined as

SNR=2m%m(§) (in dB), (8)

where o is a standard deviation of AWGN.
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estimation accuracy of the proposed method.

The performance of the proposed method is measured by
the accuracy, which is defined as

TMR. — TMR

TVR * 100, 9

aceuracy(%) = 100 —

where TMR is the estimated TMR, which is obtained from the
proposed method, and TMR is the actual TMR level embedded
in the readback signal.

Fig. 5 demonstrates the percentage of the estimation ac-
curacy of the proposed method in the BPMR system. Clearly,
the proposed method can provide an accuracy of more than
80% when the TMR level is greater than 10%. In addition,
the accuracy percentage approaches to nearly 100% when SNR
is very high. For example, at high SNR (e.g., 20 dB and 25
dB) of each TMR level (from 5% to 25%), we can achieve the
accuracy of about 95%. Consequently, the proposed estimation
method can be effectively employed to estimate the TMR
level, especially when SNR and TMR are high. However, the
low SNR levels provide an accuracy of less than 40%, in
particularly, when the TMR level is low because the effect
of TMR is dominant by high AWGN noise. Therefore, the
accuracy of the proposed method is not well.

V. CONCLUSION

This paper proposes the TMR estimation method by using
only the readback signal for a BPMR system corrupted by
AWGN and, inter-symbol interference and inter-track inter-
ference. Specifically, we first estimate the SNR based on the
peak amplitude of the readback signal. Then, the estimated
TMR level is determined based on the readback signal energy
and the estimated SNR level. Experiment results indicate that
the proposed method can effectively estimate the TMR level,
especially when SNR and TMR are large. It should be pointed
out that this estimation method can be adapted in designing a
two-dimensional (2D) equalizer and a 2D detector in BPMR
systems so as to cope with this TMR problem.
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Abstract

Track mis-registration (TMR) effect is the
important issue in the ultra-high magnetic recording
systems. Practically, this effect can be handled by the
servo system. However, it needs some recording
areas on the recorded media for storage the
redundancy bits. Therefore, this paper proposes a
simple TMR mitigation approach based on the
readback signal in bit-patterned media recording
(BPMR) systems. We begin with calculating the
mean-square error (MSE) between the equalizer'’s
outputs and the fixed target’s outputs for each TMR
levels, which next will be collected in the look-up
table. Then, the TMR levels are estimated utilizing
these data from the look-up table before selecting the
properly equalizer coefficients which matches with
TMR level. In simulation results, we found that the
proposed TMR  mitigation approach offers the
performance gain better than the conventional
system, especially when the TMR is high.

Keywords: bit-patterned media recording; track mis-
registration; mean square error.

1. Introduction

Perpendicular magnetic recording (PMR) systems
are expected to reach storage density limits in the
near future. Bit-patterned media recording (BPMR)
has been widely recognized as one of a promising
technology that can overcome the superparamagnetic
limitation [1]. We believe that this technology can be
extended the storage density of magnetic storage
systems beyond 1Tera-bit per inches square (Tb/in%).

Track mis-registration (TMR) effect is one of the
seriously problem in magnetic recording systems,
especially when the areal density (AD) is high since
the separation between tracks in BPMR has to be
reduced to achieve higher densities [2-3]. Therefore,
this results in a cause of easier TMR effect. TMR
effect occurred when the center of read head
misaligns the center of the read track data sequence
as shown Fig. 1.

Head Offset

A, [
—" | Read head Upper track

e L 7_(,_-_:;9'
2 >;:_4qu Center track
: |

Lower track

e s

| PR
B

Across-track dircct-iuri =4 A i
' A Along-track direction
Fig. 1: [lustration of TMR or head offset, A, in a
BPMR system.

In the real system, the TMR effect can be
controlled by the servo system [4]. However, the
servo system needs some recording areas on the
recorded media for storage the redundancy bits.

Alternatively, several TMR estimation methods
based on the readback signal have been proposed in
the literature [5-6]. Nonetheless, these methods
required the knowledge of some recorded data and
employed  high complexity processing e.g.,
calculating many correlation functions for estimating
TMR levels [5], finding both of readback signal
energy and averaged peak amplitude [6].

In this paper; therefore, we propose to estimate
the TMR levels from the readback signals but only
caleulate mean-square error (MSE) between the
equalizer’s outputs and the fixed target’s outputs.
Then, we mitigate the TMR effect by adjusting the
equalizer’s coefficient. Simulation results show that
the proposed system performs better than the
conventional system, especially when the TMR is
high.

This paper is organized as follows. In Section 2,
the BPMR channel model is described. Section 3, we
explain the proposed TMR estimation/mitigation
approach. The simulation results are given in Section
4. Finally, Section 5 concludes this paper.

2. BPMR Channel Model

In the channel model, we investigate on a discrete
BPMR channel model [5-6] and the readback signal,
Fi4 from the k-th data bit on the /-th track can be
determined by
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Fig. 2: Block diagram of BPMR system with the
proposed TMR mitigation approach.

ri.k = z th.nxl—m,k—n == nl.k ? (1)

where x;;’s are recorded bit, n;,’s are electronics
noises modeled as an additive white Gaussian noise
(AWGN), and 4, ,’s are the channel coefficients
which can be obtained by sampling the isolated
island pulse response at integer multiples of the bit
period T, and the track pitch T, i.e.,

h,,=P(mTynT, +A,), ()]

where P(x,z) is the 2-D Gaussian pulse response, x
and z are the time indices in along-track and across-
track direction, and Ar is the head offset or the
distance between the center head and the center of
the main track [6]. In this paper, the sign of As is
assumed to be positive for the upward offset, where
the TMR level is defined as

TMR (%) = 100%(A#T). 3)

At the receiver, the readback sequences are
equalized by a 2-D equalizer and are fed to a Viterbi
detector [5] to produce the most likely of the
estimated data input sequence.

3. Proposed TMR Mitigation Approach

Firstly, we have designed the 2-D equalizer
coefficients with the fixed 2-D target in each TMR
levels e.g., at 0%, 5%, 10%, 15%, 20%, and 25%.
Therefore, we will obtain the six sets of 2-D
equalizer coefficients,. These 2-D  equalizer
coefficients will be kept in look-up table which
storage in an alternate data memory.

Then, the MSE are determined using the
equalizer’s outputs, zo; and the fixed target’s output,
dos for each TMR levels as shown in Fig. 2. It is
importance to note that the 2-D equalizer coefficients
used in this process was designed without corrupting
of TMR effect (TMR = 0%) and signal-to-noise ratio
(SNR) is fixed at 20 decibel (dB). The MSE values
for each TMR level can then be calculated as
following equation,

1 2
MSE = — S (Zou—doy) » “)
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where S is the length of the equalizer’s outputs or
target’s outputs. Therefore, there will be six MSE
values as illustrated in Fig. 2, which will be next
used for creating the estimated TMR equation.

In this work, we use a curve fitting technique [6]
so as to obtain a polynomial function that provides
the best fit line to the MSE values as illustrate in Fig.
3. This polynomial function can be utilized to
approximate the TMR level according to following
equation,

TMR = by, + bymse + Bymse” +...+bymse™ ,  (5)

where TMR is the estimated TMR, b; and N are the
coefficient and a degree of the polynomial equation
in (5), respectively, and i € {0, 1, ..., N}, where N =
2 provides the best fit between the actual and the
estimated TMR levels.

4, Simulation Results

We test the proposed TMR mitigation approach in
the BPMR system given in Fig. 2 at AD of 3.0
Tb/in’, where both the bit period and the track pitch
are T, = T, = 14.5 nm, the along-track PWs, is 19.4
nm, and the across-track PWs, is 24.8 nm, as similar
to [5-6]. The SNR is defined as SNR = 20log,(1/ 0),
in decibel (dB),where ¢ is a standard deviation of
AWGN. In addition, the accuracy of TMR estimation
is measured by

TMR -~ TMR
accuracy (%) =100 - x100, (6)
where TMR is the estimated TMR obtained from the
proposed method, and TMR is the actual TMR
embedded in the equalizer’s outputs.

0.06— —

Areal Density = 3.0 Th/in®
0.05
—=&— SNR 20 dB

0.04 -

i3]
2 0.03

M

0 s 10 15 20 25
TMR Levels (%)
Fig. 3: The relationship between the TMR levels (%)
and the MSE of the equalizer’s outputs and fixed
target’s output.
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Fig. 5: The BER performance comparison between
the proposed TMR mitigation approach and the
conventional recording system.

Fig. 4 shows the TMR estimation accuracy (in
percentage) of the proposed method in BPMR
system at AD of 3.0 Tb/in>. Clearly, the proposed
method can achieve a good estimation of TMR level,
especially when TMR is large and SNRs are high.
For example, the proposed method provide the
accuracy percentage more than 80% of TMR
estimation when SNR is greater than 15 dB and
TMR is larger than 15%. Therefore, it can be
concluded that the proposed method can be
effectively used to estimate the actual TMR from the
MSE of the equalizer’s outputs and fixed target’s
output. However, at the low TMR level need to be
considered since the accuracy percentage is low. The
estimation accuracy is still less than 40%, when
TMR and SNR are small. This might be because the
effect of TMR at 0% to 5% is very similar level and
AWGN is dominant because of low SNR.
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We also compare the BER performance of the
proposed systems with the conventional system as
illustrated in Fig. 5, where the conventional system
performs without any TMR mitigation method. The
labeled as “Convent-TMR PT%” represents the
conventional system. The PT % is the TMR effect
PT%. The one labeled as “Proposed-TMR PT%”
represent the proposed MTR mitigation approach.
Clearly, the proposed system performs better than
the conventional system for all TMR levels,
especially when the TMR is high. It is very
importance to note that the proposed method in this
paper, we do not consider the position jitter noise.

5. Conclusion

This paper proposes the TMR estimation method by
using MSE to find different values between the
equalizer’s outputs and fixed target’s output for a
BPMR  system corrupted by AWGN and 2-D
interference. Then, these different values are utilized
for selecting the properly 2-D equalizer coefficients.
The experiment results indicate that the proposed
methods can effectively estimate the TMR levels and
also shows that the proposed method can offer the
BER performance gain over the conventional system
at high AD and high TMR levels.
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PAPER

A TMR Mitigation Method Based on Readback Signal in

Bit-Patterned Media Recording

Wiparat BUSYATRAS', Nonmember, Chanon WARISARN'®, Member, Lin M. M. MYINT'', Nonmember,

SUMMARY  Track mis-registration (TMR) is one of the major prob-
lems in high-density magnetic recording systems such as bit-patterned me-
dia recording (BPMR). In general, TMR results from the misalignment be-
tween the center of the read head and that of the main track, which can
deteriorate the system performance, Although TMR can be handled by a
servo system, this paper proposes a novel method to alleviate the TMR
effect, based on the readback signal. Specifically, the readback signal is
directly used to estimate a TMR level and is then further processed by the
suitable target and equalizer designed for such a TMR level. Simulation re-
sults indicate that the proposed method can sufficiently estimate the TMR
level and then helps improve the system performance if compared to the
conventional receiver that does not employ a TMR mitigation method, es-
pecially when an areal density is high and/or a TMR level is large.

key words: bit-patterned media recording, estimation method, signal-to-
noise ratio, track mis-registration, two-dimensional equalization

1. Introduction

Bit-patterned media recording (BPMR) is one of the promis-
ing recording technologies for the next generation’s hard
disk drives, which can achieve an areal density (AD) up to
4 Tera-bits per square inch (Tb/in?) [1]. In BPMR, a data
bit is stored in a single domain magnetic island, surrounded
by non-magnetic material. To increase storage capacity, the
spacing between the data bit islands in both the along- and
the across-track directions must be decreased, thus lead-
ing to the increase of two-dimensional (2D) interference.
In general, the 2D interference consisting of inter-symbol
interference (ISI) and inter-track interference (ITI) [2] can
considerably degrade the system performance if precautions
are not taken.

In addition to the 2D interference, BPMR also en-
counters other challenging issues, including write syn-
chronization error, media noise, and track mis-registration
(TMR), which can further deteriorate the system perfor-
mance. Therefore, a good read-channel design should pro-
vide robustness and reliability to tackle these issues. How-
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ever, this paper focuses on how to mitigate the TMR effect,
because it can significantly lead to performance degradation,
especially in high-density BPMR systems.

Practically, TMR (or a head offset) is occurred when
the center of the read head is not aligned with that of the
main track [3], [4] as illustrated in Fig. 1. For example, the
TMR could happen when the disk rotation speed is suddenly
increased for high transfer rate and access time, while the
read head moves to read data on the main track [5]. Gen-
erally, the TMR can yield a devastating impact on the data
recovery process because it causes an unequal effect of the
adjacent tracks on the main track, thus lowering the quality
of the readback signal. Moreover, the TMR effect results
in 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.

In general, the TMR can be controlled by a servo sys-
tem [4], [5]. Specifically, a servo burst field has the informa-
tion that can be used to estimate the amount of head offset,
but it is difficult to estimate the behavior of the read head
when the TMR occurred beyond the limit [5]. Alternatively,
Myint and Supnithi [6] detected the presence of TMR from
the readback signal based on the observation of 2D target-
shaping equalizer coefficients, and then adjusted the 2D tar-
get and equalizer to be asymmetric so as to taken care of
the TMR-affected readback signal. Nevertheless, we found
that the method in [6] cannot accurately estimate the TMR
level, and both the 2D target and equalizer are not efficiently
matched with the BPMR channel with TMR, thus leading to
the performance degradation at the data detection process.

To solve this problem, this paper proposes a novel

Fig.1 The illustration of island structure configuration in a BPMR sys-
tem with track mis-registration (TMR), Ar.

Copyright © 2015 The Institute of Electronics, Information and Communication Engineers
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method to mitigate the TMR eiffect based on the readback
signal, To do so, we study the statistical relationship among
the readback signal, a signal-to-noise ratio (SNR), and TMR
amount for various cases, Next, we formulate the mathemat-
ical equations so as to estimate the SNR and the TMR level
based on the readback signal. Specifically, the SNR is esti-
mated from the average peak readback amplitude, whereas
the TMR level is computed from the estimated SNR and the
energy of the readback signal. Then, the estimated TMR
level will be utilized to choose the target and its correspond-
ing equalizer from a look-up table that are suitable for the
channel with TMR so as to facilitate the data detection pro-
cess. Note that each pair of the target and its equalizer is
designed for each TMR level and is stored in the look-up
table.

The rest of this paper is organized as follows, Sec-
tion 2 briefly describes a BPMR channel model, and Sect. 3
explains the proposed method. Simulation results are given
in Sect. 4, Finally, Sect. 5 concludes this paper.

2. BPMR Channel Model

This work focuses on a discrete-time BPMR channel model
with multi-track processing [7], as depicted in Fig. 2. A bi-
nary input data sequence x;; € {+1} with bit period T,
where ! = 0 is the main track, { = -1 is the upper track,
and I = 1 is the lower track, is sent to the BPMR channel
corrupted by TMR and electronics noise modeled as an ad-
ditive white Gaussian noise (AWGN). Then, the readback
signal of the kth data bit on the Jth track can be expressed as

Yre = X @by wig

= Z Z hm.nxl—-m.k—n + Wik, ¢))]
mon

where x;;’s are the recorded bits, k,,,’s are the 2D channel
coefficients, m and »n represent the time indices of the bit
island in the across- and the along-track directions, and w;;
is an AWGN with zero mean and variance a2,

Practically, the BPMR channel coefficients h,,, can be
generated by sampling a 2D Gaussian pulse response at the
integer multiples of the bit period T, and the track pitch T,
according to

by = P (T, + Ay, nTy) (2)

where P (z, x) is the 2D Gaussian pulse response, z and x are
the time indices in the across- and the along-track directions,
{m,n} € (-L,...,0,...,01), 2L + 1 is the length of P(z, x),
L is an integer, and Ay is the head offset or the distance be-
tween the center of the read head and that of the main track
as depicted in Fig. 1. Generally, L should be large enough to
ensure that the tail amplitude of P (z, x) is smali, where this
paper considers L = 1 for simplicity.
In this paper, the TMR level is defined as

TMR (%) = % x 100, 3)

Z
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where the sign of Ay is assumed to be positive for the up-
ward offset as shown in Fig. 1. Furthermore, we consider
the 2D Gaussian pulse response of the form [2]

1 V2 fz+ Ar 2

Plz,x) = Aexp { 762 [(wa) * ( PW, ) ” @
where A = 1 is assumed to be the peak amplitude of the
pulse response, PW, is the PWsp of the along-track puise,
PW, is the PWs; of the across-track pulse, PW s is the pulse
width at half its maximum, and ¢ = 1/2.3548 is a constant to
account for the relationship between PWsp and the standard
deviation of a Gaussian pulse.

In a conventional receiver that does not employ a TMR
mitigation method, the readback signal ry;. for ! € {0, =1} is
fed to a 2D equalizer followed by a 2D Viterbi detector to
determine the most likely input sequence on the main track,
i.e., %z Note that this paper does not take media noise
into account and considers only the system that recovers the
recorded data on the main track, as similar to {6]. Hence,
three adjacent readback signals {r_;y, roz, 71} at the in-
put of a 2D equalizer, F, are required to generate a single
output {zg}, whereas three input data sequences {x_;t, Xo4,
X1} are sent to a 2D target, G, to output the desired data
sequence {do}.

3. Proposed Method

We propose a novel method to subside the TMR effect in a
BPMR channel, based on the readback signal. Specifically,
we first estimate a TMR level with an aid of the estimated
SNR and the average energy of the readback signal. Hence,
the target and its corresponding equalizer suitable for the
channel with TMR are selected according to the estimated
TMR level so as to case the data recovery process. The de-
tails of the proposed method can be explained as follows.

3.1 SNR Estimation

In this paper, the SNR is defined as [8]
SNR = 20log,{V, /), (5)

in decibel (dB), where V,, is the peak amplitude of the read-
back signal, which is assumed to be 1, and ¢ is a standard
deviation of AWGN. This SNR will be estimated before pre-
dicting the amount of the TMR. Here, we propose to esti-
mate the SNR from the peak amplitude of the readback sig-
nal. To do so, we coliect a large number of samples {e.g.,
1000 samples) of the readback signals at each SNR ranged
from 0 to 25 dB, where each readback signal is affected by a
uniformly distributed random TMR level ranged from 0% to
25%. Then, for each SNR, the average value of the peak am-
plitude of all readback signals, rpeax, is computed, regardless
of TMR levels.

Figure 3 illustrates the relationship between the SNR
and the average peak amplitude of the readback signals at
the AD of 2.0 Tbfin?, where we found that the SNR can be
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= b compute the average energy of the readback signal, E,, for
each SNR and TMR level according to
1 S
20¢ 1 A ZH . (7
AD=2.0 Tblin’ =

] where S is the length of the readback signal samples (i.e.,
15k i g:m SI:ENR S = 32768 bits for a 4K-data sector[9]). Next, the esti-
a o Wi mated TMR level is obtained based on a polynomial LS fit-

% ting technique, i.e.,
2 100 TMIR = by + biE, + bsE>+ . .. + hoE2, 8)
where TMR is the estimated TMR, b; and Q are the ith co-
y efficient and a degree of the polynomial equation in (8), re-
spectively, and i € {0,1, ..., Q). Similarly, we perform an
extensive simulation search to find a suitable Q, where Q =
5 provides the best fit between the actual and the estimated

L T § TSR [ € ; TMR levels.

2 22 24 16 283 32034 36/ 38 < 4

Average peak amplitude

Fig.3  Therelationship between the SNR and the average peak amplitude
of the readback signals at AD = 2.0 Tb/in?.

possibly approximated. To achieve this, we apply a least-
squares (LS) fitting technique to fit all data points to an M-
degree polynomial equation according to

3 2 M
SNR = ag + a; Fpeax + @2V + o+ F QT pciys (6)

where SNR is the estimated SNR, g; is the ith coefficient of
the polynomial equation in (6), and i € {0, 1, ..., M}. Based
on extensive heuristic search, we found that M = 5 is suf-
ficient for our channel model at the AD up to 3.0 Thfin?
because a higher order does not provide any benefit on the
accuracy of SNR estimation. As depicted in Fig. 3, it is ap-
parent that the estimated SNR effectively coincides with the
actual SNR.

3.2 TMR Estimation

For each SNR, we also propose to employ the energy of the
readback signal to estimate the TMR level. To do so, we

Figure 4 shows the estimated TMR level as a function
of the average energy of the readback signal at the AD of
2.0 Tb/in? for various SNRs. Clearly, the TMR level can be
effectively estimated from (8) based on SNR and E,.

3.3 Equalizer and Target Design

The target and its corresponding equalizer used in this work
are designed for each TMR level based on minimizing a
mean-squared error (MSE) [10] according to

E{Eik} =F [(Zf,k = du‘)z} > 9

where E{.} is an expectation operator, and & is an error sig-
nal between the equalizer output z;; and the desired output
d. By expanding the right-hand side in (9), we obtain

E {E:Z,k} =E {[(rl,k ® fix) = (1 ®81,k)]2}
= fix ® R} ® fix = 2fik ® R} ® guk
+ 81k ® R, ® 81 (10
where @ is the 2D convolution operator, RE = E {rr-, Tk j_k}
and R}, = E{x; jx;_,j-¢} are the auto-correlations of the read-

back signals and the recorded bits from all three tracks, re-
spectively, and R7} = E{r; jXi—1,j-k) is the cross-correlation
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Fig.4  The relationship between the TMR level and the average energy
of the readback signals at AD = 2.0 Tb/in?.

between the readback signals and the recorded bits.

To find the solution of (10), it is convenient to represent
the matrices in the vector forms [10]. To do so, we let F be
a3 x (2N + 1) equalizer matrix of the form

f, Jaev oo faw
F=|f |=| fo-v— foo. SHon | (11)
f, fi-n— fio  fin

where fi;’s are the equalizer coefficients, / € {0, +1} is the
track location, k € {-N, ..., 0, ..., N}, and 2N + 1 is the
equalizer length. Similarly, let G be a 3x3 target matrix of

the form
g-1 8-1-1. £-10 &-1,1
G=| 8 |=| g-1 8o go1 | (12)
21 81,-1% 192, 81,1

where g;;’s are the target coefficients, / € {0, +1} is the track
location, and k € {-1,0, 1}.

In general, the matrices F and G can be rearranged into
the column vectors as f = [f_; fo £;]" and g = [g_; g0 &/]",
respectively, where the component vectors are defined in
(11) and (12), and []" is a transpose operator. Using these
matrices, the MSE in (10) can be rewritten as

E{e},} =f"Rf - 2"R,.g + g"R,g, (13)

where R, = [rkrI] isa3(2N+1)x3(2N +1) auto-correlation
matrix of RE &> i i8 the readback signal vector, R,, = [rkxg
is a 3(2N + 1) x 9 cross-correlation matrix of R;jc, Xy 18
the recorded bit vector, and R, = [xkxg] is a 9 x 9 auto-
correlation matrix of ij -

Because we focus only on detecting the data on the
main track (i.e., I = 0), the MSE in (9) can then be com-
puted by

E{g},} = El(zox = dos)’). (14)
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Hence, in this case, the readback signal vector and the
recorded bit vector will be given by 1y = [F1 g+N TLg+n=1 .-
Po: oo Tt pemat Fotpn]” adxy=[F 1 Mg oo B o o
X-1x X-1.4-1]", respectively.

During the minimization process of the MSE in (13),
we impose a constraint of e'g = 1 to avoid reaching trivial
solutions of f = g = 0, wheree = [0000 1 0000]" is
a column vector with 9 entries. Accordingly, f and g are
chosen such that

E{e},} = "RE-2A"R,.g + g"R,g
=24T(eTg-1) (15)

is minimized, where A is a Lagrange multiplier [10], [11].
Then, the minimization process gives

1

A= - (16)
eT(R, —RTR;'R,,) e

£/~ /]-(Rx - RrxTR:]Rrx)_]e (17)

f=R'R.g (18)

Note that if the target g is given, one can still employ (18) to
obtain the equalizer f that minimizes the MSE in (15).

3.4 TMR Mitigation Methods

In this work, we propose two methods to mitigate the TMR
effect based on the structure of the 2D target (i.e., sym-
metric or asymmetric). Then, the performance of the pro-
posed methods will be compared with that of a conventional
receiver, which employs fixed 2D target and equalizer de-
signed for 0% TMR level. Without TMR and media noise,
the channel response in (2) will normally be symmetric, and
we found that the 2D target G obtained from this design is
also symmetric because the target coefficients g_; and g; in
(12) are almost equal.

For the first proposed method (denoted as the symmet-
ric system), the symmetric 2D target as used in the con-
ventional receiver is employed, but the equalizer is selected
according to the estimated TMR level. To do so, we need to
design the equalizers suitable for each TMR level based on
(18), where the target is fixed, and store them in the look-
up table. On the other hand, the second proposed method
(denoted as the asymmetric system) utilizes the 2D target
and its corresponding equalizer specially designed for each
TMR level according to (16) — (18), where we refer to this
2D target as the asymmetric target because the target coeffi-
cients g_; and g, in (12) are not equal. Thus, each pair of the
target and equalizer associated with a given TMR level will
be kept in the look-up table. Table 1 shows an example of
the coefficients of the asymmetric 2D targets for some TMR
levels at the ADs of 2.0 and 3.0 Tb/in?, which are used in
this paper.

It should be pointed that the 2D Viterbi detector is de-
signed for the asymmetric 2D target [11] as illustrated in Ta-
ble 1. The three bits from the three adjacent tracks (upper,
main, and lower tracks) are sensed by the read head so that
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Table 1  The coefficients of the asymmetric 2D targets for some TMR
levels at the ADs of 2.0 and 3.0 Tb/in?.

TMR 2D target coefficients, G
(%) 7.0 Tb/in” 3.0 To/in”
0.0692 0.3255 0.0692

0.0201 0.2187 0.0201
0.1785 0.8398 0.1785

0%  0.0866 0.9422 0.0866
0.0201 0.2187 0.0201 0.0692 0.3255 0.0692
0.0232 0.2526 0.0232 0.0759 0.3571 0.0759
50, 0.0864 0.9402 0.0864 0.1781 0.8381 0.1781
0.0173 0.1886 0.0173 0.0628 0.2955 0.0628
0.0267 0.2004 0.0267 0.0829 0.3902 0.0829
10%  0.0839 0.9343 00859 0.1770 0.8238 0.1770
0.0149 0.1619 0.0149 0.0567 0.2671 0.0567
0.0348 0.3784 0.0348 0.0077 0.4598 0.0977
20%  0.0836 0.9090 00836 0.1725 0.8120 0.1725
0.0108 0.1176 0.0108 0.0458 0.2154 0.0458

____ 0o oUBONE a5

each symbol represents these three bits resulting 8 combi-
nations in total. The asymmetric 2D target has the current
and 2 previous symbols (i.e., 2 memory taps) giving i
64 states. Therefore, its wrellis has 64 states and 8 outgoing
branches from each state.

4. Simulation Results

We study the performance of the proposed methods (both
the symmetric and the asymmetric systems) in the BPMR
system shown in Fig.2 at the ADs of 2.0 and 3.0 Tb/in?,
where both the bit period and the track pitch are Tx = T.=18
and 14.5 nm, respectively. Additionally, this paper considers
the 2D Gaussian pulse response with the along-track PWsp
of 19.4 nm and the across-track PWsg of 24.8 nm, similar
to [8]. Each bit-error rate (BER) point is computed using
as many 4K-data sectors as required to collect a minimum
number of 500 error bits. Furthermore, the accuracy of TMR
estimation is measured by
Al %) = 100 M 100 19
ceuracy(%) = TMR X g (19)

where TMR is the estimated TMR obtained from the pro-
posed method, and TMR is the actual TMR embedded in
the readback signal.

Figure 5 demonstrates the TMR estimation accuracy
(in percentage) of the proposed method in BPMR system at
the AD of 2.0 Tb/in?. Clearly, the proposed method can
provide a good estimation of TMR level, especially when
TMR is large and SNR is high. For example, it is possible
to achieve 95% accuracy of TMR estimation when SNR is
greater than 15 dB and TMR is larger than 15%. Therefore,
it can be implied that the proposed method can be effectively
used to estimate the actual TMR embedded in the readback
signal, especially when SNR and TMR are high. Moreover,
we found that the estimation accuracy is less than 40% when
TMR and SNR are small. This might be because the effect
of TMR ranged from 0% to 505 is very similar and AWGN
is dominated because of low SNR.

We also compare the BER performance of the proposed
systems with the conventional system for various ADs and
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100

TMR estimation accuracy (%)

SNR ((B)

Fig.5 The relationship between the SNR levels and the percentage of
the estimation accuracy of the proposed method at AD = 2.0 Tbfin“.

various TMR effect levels. The curve labeled “Conv-TMR
0% represents the conventional system without TMR ef-
fect, which yields the best performance, and the curves la-
beled “Conv-TMR 5%, “Conv-TMR 10%”, and “Conv-
TMR 20%" represent the conventional system with TMR ef-
fect at 5%, 10%, and 20%, respectively. Moreover, the curve
labeled “Proposed—Sym—TMR X" represents the proposed
method with a symmetric target at the TMR level of X%,
whereas the curve labeled “Proposed-Asym—TMR X% de-
notes the proposed method with an asymmetric target at the
TMR level of X%.

At AD = 2.0 Tbfin*, the results show that the pro-
posed methods (symmetric and asymmetric systems) yield
slightly better performance than the conventional system for
all TMR levels, as illustrated in Fig. 6 and Fig. 7. However,
we can obtain a higher performance gap when the AD is in-
creased, e.g., at AD =30 Thbyin®. Specifically, when AD
increases, not only the ITT effect is more severe, but also the
TMR can easily occur in the system even though the read
head slightly moves away from the main track. Fortunately,
the proposed method can handle the severe TMR effect. We
can see that the symmetric system performs slightly better
than the conventional system at 5% TMR level and offers
the performance gain about 4 dB at BER = 107* and 10%
of the TMR level; however, both the conventional and the
symmetric systems cannot provide satisfactory performance
for high TMR levels, as demonstrated in Fig. 8. On the other
hand, the asymmetric system is superior to the conventional
system, especially when TMR is high. Specifically, it can
provide a performance gain over the conventional system
about 0.5 and 6 dB at BER = 10~* for the TMR level of 5%
and 10%, respectively, as shown in Fig. 9. Therefore, it is
of importance 10 notice that the proposed TMR estimation
method can be also well performed when it encounters with
some media noise, €.8. position jitter (not shown here).
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Fig.6 BER performance between the conventional and the symmetric
systems at AD = 2.0 Tb/in? for various TMR levels.
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Fig.7 BER performance between the conventional and the asymmetric
systems at AD = 2.0 Tb/in? for various TMR levels.

Consequently, it can be implied that the proposed
methods perform better than the conventional receiver be-
cause the detection process utilizes the 2D target and its
corresponding equalizer that match with the BPMR chan-
nel with TMR. Nevertheless, the proposed methods require
some extra memory to store the 2D target and the equalizer
that are suitable for each TMR level.

5. Conclusion

This paper proposes the TMR mitigation method for a high-
density BPMR system. It starts with estimating the SNR
based on the average peak amplitude of the readback sig-
nals. Then, the estimated TMR level can be calculated based
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Fig.8 BER performance between the conventional and the symmetric
systems at AD = 3.0 Tb/in? for various TMR levels.
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10° : - - \

10 15 20 25 30
SNR (dB)

Fig.9 BER performance between the conventional and the asymmetric
systems at AD = 3.0 Tbyin? for various TMR levels.

on the estimated SNR and the average energy of the read-
back signals. Once the TMR level is known, we can choose
the target and its corresponding equalizer that match with
the BPMR channel with TMR in the data detection process
50 as to obtain a good system performance. Simulation re-
sults indicate that the proposed system can effectively esti-
mate the TMR level, and it performs better than the conven-
tional system, especially when the SNR and TMR are large.
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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 fracks s¢ as to estimate the amount of head
offset. Nonetheless, this paper proposes an iterative TMR mitigation method for BPMR systems hased 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 fo 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 Jevel
will be used to alleviate the TMR effect in the readback signal for the mext 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 T,
RACK misogistration U s ons sttt wal ol H_bupp,,--rmk
lems in the extremely high-density bit-patterned media I |:|
i read head . Tz

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 unreliabiy.

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, Ar, in BPMR systems.
well when the TMR is not high (e.g., <10%) and an areal
density (AD) is moderate (e.g., <2 Thfin%).

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 IT
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;r € {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:/fwww.ieee,org/publications_standards/publications/rights/index,htm] for more infermation,
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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

k=D O hmaXiomben + 11k n
n m

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 o2,

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

P = P(mT; + Ar, nTy) 2)

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

-1 z+ A, ; X+ Ay 2

Plz,x) = Ae:!cp{zc2 [( W, ) -!-( W, ) :’} 3)
{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 PWsg and the
standard deviation of the Gaussian pulse [1], PWsg 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 PW5q of the along-track
pulse, and PW, is the PWsy of the across-track pulse.
Here, we assume that A, and A, are modeled as a truncated
Gaussian probability distribution function with zero mean and
variance o2, where oj is specified as the percentage of Ty.
In addition, the read-head offset or the TMR, A7, is assumed
to be positive for the upward offset, as shown in Fig. 1, and
the TMR level is defined as

TMR (%) = % x 100. )
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 if,k
before passing them to the LDPC decoders to output the

three-track log-likelihood ratio (LLR), A;, 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 M ppc internal iterations.
Then, the LLR sequences are fedback to each corresponding
2-D-SOVA detector for the next turbo iteration, Nr.

At each global iteration, Ng, the three-track LLR sequences
are mapped to %rx € {&1}, and are sent to the 2-D asymmetric
targets to produce all possible target outputs {Zgr). Thus,
the TMR estimation block computes the mean-squared
error (MSE) between each sequence Zox 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 Zp 4 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
{r1z} 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 [8].

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{efi} = E{{zix — dig)*) (5)

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

E{ef} = El(zox — doo)*}
= E([ix ® fir) - ip ®@ g)1?) (6

where the values of fi; are the cqualizer 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{e} = fix ® R, ® fix —2fix ® R}, ® g1k
+8k @R, ®gik (7)

where R{,k = E{rijri—i,j—z} and Rfk = E{xj jXi-t,j—k)
are the autocorrelations of the readback signals and the
recorded bits from all three tracks, respectively, and
R[’,"f( = E{rijxi-1,j-&} 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 Fbea 3 x 2N +1)
equalizer matrix according to

£ F-1,-~ F-1,0 Joiwn
F=|fo |=| fo-» Joo fon | (8
f1 f,—n flo SN
and let G be a 3 x 3 target matrix of the form
g-1 8-1,-1 &-10 §&-1,1
G=|g |[=| &,-1 &, &1 |- ®
81 81,—1 £1,0 81,1

In general, the matrices F and G can be rearranged into
the column vectors as f = [f_) fof1]7 and g = [g—1 gog1]7,
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{e}} =f"Rf —2f"R..g + g"Rg (10)

where R, = [nr]] is a 32N + 1) x 32N + 1)
autocorrelation matrix of R/,, R = [mxI] is

a 32N + 1) x 9 cross-correlation matrix of R}’j,

R, = [xkxg'] is a 9 x 9 autocorrelation matrix of R,
Tk = [FLEAN FLEEN=1 «v- 700 wos Pml kN4l PmLE-N1T
is a column vector of the readback signal, and

Xp = [X14+1 X1,k --. X0,0 --. X=14k X—1 k=117 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,z (11)

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 T and T;. An exampie
of the coefficients of the 2-D target and its corresponding
2-D equalizer is illustrated in Table I, where only three
equalizer taps, ie., {f-1,i, fo,;, fi,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 (Ny = 3) will
be mapped to the estimated recorded sequence X%, before
convolving with each predesigned 2-D target to obtain six data
sequences, {Zg«}. Then, we calculate the MSE between each
sequence Zok and the equalizer output zopi according to
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TABLE I
EXAMPLE OF THE COEFFICIENTS OF THE 2-D TARGET AND ITS
CORRESPONDING 2-I» 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% 01781 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% 01770 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 0.0802 -0.0097 0.0169 -0.0086
15% 0.1751 0.8241 01751  0.0153 07939 0.0103
0.0511 0.2404 0.0511 -0.0055 0.0154 -0.0066
0.0977 0.4398 0.0977 -0.0041 0.0155 -0.0107
20% 0.1725 0.8120 01725  0.0121 0.7808 0.0191
0.0458 0.2154 0.0458 -0.0048 0.0164 -0.0114

MSE = 1/8 33_, (z0.% — Zo,)% where § is the length of the
equalizer output. Eventually, the 2-D target used to generate
Zo,¢ that yields a minimum MSE and its corresponding
2-D equalizer will be employed to process the original
readback sequences {r;z} during the next global iteration.

IV, SIMULATION RESULTS

We evaluate the performance between 1) the conventional
system (1.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?
(ie., Ty = T; = 14.5 nm), where the 2-D Gaussian pulse
response with the along-track PWsg of 19.4 nm and the across-
track PWsg of 24.8 nm is considered, similar to [10]. We also
define the signal-to-noise ratio as SNR = 1010g10(Vp/(R02)),
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 Nippc = 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 resuits 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 = 10~%, the proposed system can provide the perfor-
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Fig. 3. Performance comparison for various TMR levels at AD of 3 Tb/in®.
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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/in?,

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, ¢; /Ty, 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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This paper proposes a utilization of multiple read heads to predict and correct a
track mis-registration (TMR) in bit-patterned media recording (BPMR) based on
the readback signals. We propose to use the signal energy ratio between the upper
and lower tracks from multiple read heads to estimate the TMR level. Then, a pair
of two-dimensional (2D) target and its corresponding 2D equalizer associated with
the estimated TMR will be chosen to correct the TMR in the data detection pro-
cess. Numerical results show that the proposed system can achieve a very high
accuracy of TMR prediction, thus performing better than the conventional system,
especially when TMR is severe. © 2016 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://ereativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4972801]

I. INTRODUCTION

When the center of the read head is not aligned with that of the target track, it causes track
mis-registration (TMR) or an off-track situation, which is one of major problems in bit-patterned
media recording (BPMR), especially at high areal density (AD). Practically, the TMR can lead to a
devastating impact on the data recovery process because of an unequal effect of adjacent tracks on
the target track. In general, the servo mechanism can handle the TMR effect; however, it is difficult
to control the read head when TMR occurs beyond its limit, '

In our previous works,”* the TMR mitigation methods were introduced based on the readback
signals with a single reader. Specifically, the TMR was predicted by the estimated signal-to-noise
ratio (SNR) and the average energy of the readback signal.” Thus, the accuracy of the TMR estimation
from this method depends mainly on that of the SNR estimation. An iterative method was employed
to estimate the TMR level in a coded BPMR system.* Although this method is independent of the
SNR levels, three detectors are required to perform the TMR estimation. Nonetheless, we found that
these methods cannot accurately predict the TMR levels, especially when the system operates in a
low TMR regime.

Recently, multiple read heads have been an interesting challenge for next-generation magnetic
recording systems, and many researchers utilize a read head array to estimate and mitigate inter-track
interference (ITI) in magnetic recording systems.>~’ Moreover, a practical multi-head multi-track
(MHMT) detector that provides a low-complexity approach to adaptively estimate the time-varying
ITI was presented. In general, the MHMT detector can handle the ITI effect better than a single-head
single-track detector. Thus, the reduced state sequence estimation algorithm® to significantly decrease
the complexity of the MHMT detector was discussed. G. Mathew’ et. al., also show the advantages of
using multiple read heads in magnetic recording systems. Therefore, this paper proposes to employ
multiple read heads to predict and correct the TMR in a BPMR system as illustrated in Fig. 1.
Specifically, we first predict a TMR level based on the signal energy ratio between the upper and

—G)
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FIG. 1. An array of three read heads for (a) the conventional scheme and (b) the proposed scheme in the BPMR system with
TMR, Ar.

[ [ [

lower tracks. Then, the estimated TMR level is used to select a pair of two-dimensional (2D) target
and its corresponding 2D equalizer from a look-up table that is suitable for the channel with TMR so
as to facilitate the data detection process.

The rest of this paper is organized as follows. Section II briefly describes a BPMR channel model,
and Section III explains the proposed method. Simulation results are given in Section I'V. Finally,
Section V concludes this paper.

Il. CHANNEL MODEL

Consider a multi-track multi-head BPMR system as shown in Fig. 2. The readback signal, r; 1,
of the k-th data bit of the I-th track can be expressed as

ik = Z Z FinnXipkon Mk, (D
n m

where x; ;’s are the recorded bits, /e {0, ~1, +1} represent the main, the upper, and the lower track,
respectively, i, s are the 2D channel coefficients, m and n represent the time indices of the bit island
in the across- and along-track directions, and n; ; is an additive white Gaussian noise (AWGN) with
zero mean and variance o2. In practice, the channel coefficients, 4, ,, can be obtained by sampling
the 2D Gaussian pulse response at the integer multiples of the track pitch, T, and the bit pitch, Ty,

according to*®
mTy N by nT, + Ay i , @
PW, PW,

where A = 1 is assumed to be the peak amplitude of the pulse response, PW, is the PWsq of the
along-track pulse, PW, is the PWsq of the across-track pulse, PWsg is the pulse width at half its
maximum, ¢ = 1/2.3548 is a constant to account for the relationship between PWs5( and the standard

Hn =Aexp {—2—2

n. :
" " TMR Equalizer
[PUC— predictor selector 1
X. : ! !
] Yk ¥ .4 4
x‘b > Channel | _ Yox "\ I"on o 2[? 2o,k Viterbi | Fox
0.k > c - "=(J ¥ equalizer d —
T H 'y'»* X i ¢ etector
P T &r P
Xok el
T rvr 1+
| 2D target o LY o
i G L »

FIG. 2. A multi-track multi-head BPMR channel model with the proposed TMR prediction and correction method.
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deviation of a Gaussian, and Ay is the head offset as shown in Fig. 1. Here, we define the TMR
level as

TMR (%) =(Ar/T;) x 100. (3)

At the receiver, the readback signals are read by three read heads and are equalized by a 2D
equalizer followed by the 2D Viterbi detector to determine the most likely data sequence on the main
track, £ox. Note that this paper focuses only on detecting the data on the main track. In addition, each
pair of 2D target and 2D equalizer is designed based on a minimum mean-squared error (MMSE)
approach®!? for each TMR level and is then stored in the look-up table. In a conventional system,
each read head will be positioned at the center of each track as shown in Fig. 1(a). In contrast, the
proposed scheme employs an array of three read heads, where the upper and lower heads are moved
closer to the center head (e.g., by 25% of T';) as depicted in Fig. 1(b).

ill. PROPOSED METHOD

We propose to utilize three read heads to read the data on three adjacent tracks, and process them
so as to predict and correct the TMR effect in the BPMR system.

A. TMR predictor

For each TMR level, we compute the energy ratio of the two readback signals associated with
the upper and lower tracks (i.e., 7.;.x and r; ) according to

Eratio = Zi=1 (r—l,k)2/2z=l ()’ )

where S is the length of the readback signal samples (i.e., S = 32,768 bits for a 4K-data sector'').
Next, the estimated TMR level is obtained based on a polynomial least-squares fitting technique, i.e.,

TMR=50 + blErario + b2E2 d AP bMEM io? ®)
ratio

ratio ' *

where TMR is the estimated TMR, b; and M are the i coefficient and a degree of the polynomial
equation in (5), respectively, and i € {0, 1, ..., M}. Then, we perform an extensive simulation search
to find a suitable M, where M = 3 provides the best fit between the actual and the estimated TMR
levels. Fig. 3(a) plots the estimated TMR level as a function of the energy ratios at 3.0 Tb/in?. It is
apparent that the TMR level can be effectively estimated from (5) based on E, .

B. Equalizer selector

The 2D target and its corresponding 2D equalizer are designed for each TMR level based on an
MMSE approach, which minimizes a mean-squared error (MSE)!? according to

E {eik} =E {(ZIJ( - dl,k)z} ; (6)

where E{-} is the expectation, and e; ; is an error signal between the equalizer output z; ; and the
desired signal d .

w
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(a) Energy ratio (E“u.) (b) TMR levels (%)

FIG. 3. (a) The relationship between the TMR levels versus the energy ratios and (b) the accuracy of TMR estimation depends
the different SNRs, both of them were considered at AD = 3.0 Tb/in?.
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Given the estimated TMR level, the equalizer selector will choose a pair of 2D target and 2D
equalizer from the look-up table to alleviate the TMR effect embedded in the readback signal before
sending it to the 2D Viterbi detector. Notice that this paper assumes that the 2D target coefficients are
the 2D channel coefficients when the system has 0% TMR, similar to previous work.* Hence, we fix
this 2D target and use it to design all 2D equalizers for each TMR level i.e., at -25%, -20%, ..., -5%,
0% 5%, ..., and 25%, based on the MMSE approach, which will be all stored in the look-up table.

IV. RESULTS AND DISCUSSION

We evaluate the system performance at the AD of 3.0 Tb/in? (i.e., Tx = T, = 14.5 nm) among 1)
the conventional system I without TMR prediction and correction method; 2) the conventional system
II, assuming that TMR is known and the receiver uses the 2D equalizer designed for that TMR; and
3) the proposed system, where the 2D Gaussian pulse response with the along-track PWsp of 19.4 nm
and the across-track PWsp of 24.8 nm is considered, similar to previous work.* In simulation, the
SNR is defined as

SNR =20log;, (1/o) in decibel (dB), @)
where o is a standard deviation of AWGN. We also measure the accuracy of TMR estimation by

|TMR - TMR
TMR

where TMR is the estimated TMR obtained from the proposed method, and TMR is the actual TMR
embedded in the readback signal. Fig. 3(b) shows the accuracy of TMR estimation in percentage at
different SNRs. Clearly, the proposed method can predict the TMR well, especially at high TMR
levels. In addition, we found that the accuracy of our TMR estimation method is independent of
SNRs.

From now on, we assume that the BPMR system experiences the TMR effect only in the upward
direction (i.e., Ay is a positive value). Note that this paper will not consider a media noise in the
system so as to make it easy to understand the behavior of the TMR effect. Fig. 4(a) compares the
performance of different systems at AD = 3.0 Tb/in? in terms of the MSE in dB according to

accuracy (% )= 100 — x 100, (8)

s
MSE = 10log,, (Z {20k ~ dox }2) . ©)
k=1

Apparently, the proposed system yields the lowest MSE for all TMR levels. That means the
proposed equalizer can perform with the proposed multi-track reading systems.

Finally, Fig. 4(b) compares the performance of different systems at AD = 3.0 Th/in? by plotting
the SNR required to achieve bit-error rate (BER) of 10 as a function of TMR levels, It is clear that
the proposed system is superior to other systems, especially when TMR is large. The reason might be
because the proposed TMR estimation method can achieve a very high accuracy for all TMR levels
as depicted in Fig. 3(b). Therefore, it can be implied that the proposed method can help improve the
quality of the readback signal before sending it to the 2D Viterbi detector, thus leading to a better

[ 1 40
|
§_ 0.09 » T Areal Density 3.0 Tofin®
i \ . =
E Areal Density 3.0 Th/in I 35| —@— Conventional system 1
'gn_m; E 4 Coaveational system [I
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& 006 o 2
i ;
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FIG. 4. (a) MSE and (b) BER performance comparison of different systems at AD of 3.0 Tb/in?.
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BER performance. It can be concluded that by moving the upper and lower read heads closer to the
center read head as shown in Fig. 1(b), one can obtain the better readback signals with less ITI effect
if compared to the conventional setting in Fig. 1(a), thus leading to the improved system performance.

V. CONCLUSION

This paper proposes the TMR prediction and correction method for a multi-track multi-head
BPMR system. The energy ratio between the readback signals of the upper and lower tracks is
used to predict the TMR level. Then, the TMR effect is corrected by using the 2D target and its
corresponding 2D equalizer that are the best suit for the estimated TMR level. Simulation results
indicate that the proposed system can effectively estimate the TMR level, thus performing better than
the conventional systems, especially when the TMR is severe.
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