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The utilization of two-track simultaneous reading is proposed to avoid the requirement for a narrow track
reader in shingled magnetic recording systems, where partial response maximum likelihood detection and
recursive decoding by oversampling techniques are employed for decoding. To develop effective decoding
techniques when reading two tracks with a wide-track reader, we propose utilizing a pre-coding scheme along
with a modified Viterbi detector. A pre-coder and an oversampling scheme are first adopted, where the
sampling points are located at the centers of the front and rear halves of the recorded bits. The Trellis diagram
of the conventional Viterbi algorithm is then modified according to all possible transitions of the readback
signal obtained from two-track simultaneous reading. The proposed technique can simultaneously detect two
data tracks. Simulation results indicate that at an areal density of 2 Th/in?, the proposed system offers
improved performance regarding the bit-error rate.
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1. Introduction

To effectively manage the vast amounts of information
in today’s digital age, storage devices such as hard disk
drives must be developed to realize higher areal density
(AD). Various recording technologies have been proposed,
e.g., two-dimensional magnetic recording [1], heat-assisted
magnetic recording [2], and microwave-assisted magnetic
recording [3], which are expected to overcome the current
perpendicular recording technology’s superparamagnetic
limitation, leading to higher AD. These technologies can
employ shingled writing, where data tracks are written
sequentially by a corner writer [4], to obtain narrower
tracks than conventional writing. However, substantial
intertrack interference (ITI) continues to pose a significant
challenge in these recording systems. The two-dimensional
(2D) partial response maximum likelihood (PRML)
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approach has been effectively used to address the ITI
effect. For example, researchers proposed the use of a 2D
equalizer along with a one-dimensional (1D) target design
to mitigate the ITI effect in media with and without a soft
underlayer [5] for bit-patterned magnetic recording.
However, the performance of the 1D detector remains
poor because it struggles to handle the intensity of the
ITI. In response to this limitation, joint-track equalization
and detection techniques have been introduced [6]. With
this new technique, both the 2D equalizer and 2D target
can be developed, leading to a significant improvement in
performance compared to the 1D detector. Currently,
shingled magnetic recording (SMR) systems can provide
very high AD. The track width is becoming narrower,
resulting in a higher ITI. To address the extremely severe
ITI, therefore, a two-track reading system with a wide-
track reader was developed for shingled recording [7], as
shown in Fig. 1. This technique can simultaneously
decode the recorded data in two neighboring tracks with
one wide-track reader through both oversampling detection
and PRML techniques.

Oversampling detection can easily determine the
magnetization that is sensed by a wide-track reader whose
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Fig. 1. (Color online) The structure of shingled magnetic
recording shows the recorded magnetization distribution in a
two-track recording scheme, where the reader is positioned at
the center of the two desired tracks, with sensitivity reader
dimensions corresponding to PWersp = 22 nm and PWprsg =
13.50 nm.

width covers two neighboring tracks. Samples, or signal
amplitudes, can be obtained at sampling points that are
located at the centers of the front and rear halves of the
recorded bits, when the amplitude of the readback tracks
should be ‘+1° or ‘—1,” respectively. On the other hand,
when the amplitude is 0, it cannot be determined which of
the two tracks has a ‘+1’ bit and which has a ‘-1’ bit.
However, this problem can be addressed using a pre-
coding scheme. Double-track PRML is another proposed
technique [7]. By sampling at the bit transition of each
track, the sampling amplitudes are distributed across five
distinct levels. Therefore, the partial-response-2 (PR-2)
channel can easily be applied for operating on these samples.

To improve the effectiveness of the decoding technique
in two-track reading with a wide-track reader, this paper
presents the use of a pre-coding scheme along with a
modified Viterbi detector. The samples collected through
oversampling at the centers of the front and rear halves of
the recorded magnetization, like the approach used in the
aforementioned oversampling detection, can be processed
using the proposed modified Viterbi detector. In this
method, the Trellis diagram is designed to account for all
possible transitions of the recorded magnetization. The
results show that our proposed system can significantly
improve bit error rate (BER) performance compared to
conventional single-track reading, oversampling detection,
and previous double-track PRML systems at the same AD.

The remainder of this paper is organized as follows:
Section 2 describes a channel model. Section 3 outlines
the proposed systems. Simulation results and conclusions
are presented in Sections 4 and 5, respectively.

2. Double-Track PRML Channel Model

Fig. 2 illustrates the channel model of a shingled
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Fig. 2. Channel model of a shingled magnetic recording sys-
tem with the proposed modified Viterbi detector.

magnetic recording system with a proposed modified
Viterbi detector. The user bits, a, € {+1}, are sent to the
pre-coder to rearrange the recorded bits according to their
respective tracks, where the recorded bits are generated
according to Table 1. For example, if the user bit is “+1,’
the k-th recorded bit of the upper track, co;, must be
defined as ‘—1’ if the k-th recorded bit of the lower track,
C1x, Was ‘—1°. Similarly, the k-th recorded bit of the
upper track should be ‘+1’ if the k-th recorded bit of the
lower track was ‘+1°. In contrast, if the user bit is ‘—1,’
the k-th recorded bit of the upper track, cox, must be
defined as ‘—1’ if the k-th recorded bit of the lower track,
C_14 Was ‘+1°. While the £-th recorded bit of the upper
track should be ‘“+1’ if the k-th recorded bit of the lower
track was ‘—1.” Using this pre-coding, when we sample
the readback signal at the centers of the front and rear
halves of the recorded magnetization, we should get a
sample amplitude of around +2 or —2 for a ‘+1’ user bit,
and O for a ‘=1’ user bit. To read the data, the reader is
positioned centrally between the two tracks considered, as
shown in Fig. 1. The double-track readback signal can be
obtained from a two-dimensional (2D) convolution of the
reader sensitivity function and the magnetization of the
granular media, as shown in Fig. 3. In this study, we have
employed the reader sensitivity function based on the M.
Yamashita et al. model [8], which provides a closed-form
expression for accurately evaluating the reader sensitivity

Table 1. Relationship between the user bits and the recorded
bits as determined by the pre-coding process.

User bits Recorded bits Peak
a, Upper track ¢,,  Lowertrack ¢ ;,  amplitude
+1 -1 -1 -2
+1 +1 +1 +2
-1 -1 +1 0
-1 +1 -1 0
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Fig. 3. (Color online) An example of the reader sensitivity
function covered on granular media in the down-track and
cross-track directions, where PWcrso and PWprso are equal to
22 nm and 13.5 nm in the cross-track and down-track direc-
tions, respectively.

in practical applications. This sensitivity function enables
us to create more realistic readback signal modeling. The
reader sensitivity function can be expressed as:

Hey) =, {tanh(oclx+(x2)—tanh(oclx+(x2) }’ o

xtanh (a,y + o, ) —tanh (o, y +a,)

where x and y are the width of the reader sensitivity
function, and @y is the fitting parameter, which can be
expressed as:

ak=‘<[H G T U b ot 1 1w)

Q)

The geometric parameters are defined as follows: H is
the width between side shields, G is the shield gap, T is
the width of the magnetoresistive (MR) element, U is the
thickness of the MR element, #,, is the magnetic spacing,
t, is the thickness of the recording layer, and #, is the
substrate thickness, wy is the weights vector. | -| is the
absolute operator, ( - ) is the inner product, and []" is the
transpose operator. For our simulations, we set the
geometric parameters as: H =26 nm, G =15 nm, 7= 13
nm, U= 2 nm, A, =4 nm, ¢, = 10 nm, and £, = 1 nm.
These parameters are utilized for both single-track and
double-track detection methods throughout this study.

The reader response in the cross-track direction is wider
than in the down-track direction. These widths can be
referred to as the pulse width at half maximum of the
reader sensitivity function in the cross-track direction,
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Fig. 4. (Color online) Double-track readback signal obtained
from two-track simultaneous reading with a wide-track reader.

PWecrso, and in the down-track direction, PWprso, where
PWecrso and PWprsg are 22 nm and 13.5 nm, respectively.
These widths imply that the ITI effect is more severe than
intersymbol interference (ISI), which is the reason why
the two-track reading method using a wide-track reader
was chosen for this study. The track pitch (TP) and bit
length (BL) were set at 14.75 nm and 22 nm, respectively,
with an AD of 2 Tb/in’. It is important to note that we can
achieve higher ADs by reducing TB or BL. This typically
requires the adoption of 2D signal processing techniques.
However, in this study, we focus on optimizing the
efficiency of 1D detection, and therefore, we have fixed
the AD at 2 Tb/in?. An example of a double-track readback
signal obtained from two-track simultaneous reading with
a wide-track reader is shown in Fig. 4, where the red and
blue lines were generated by ignoring the magnetization
of the lower and upper tracks, respectively. The double-
track readback signal was subject to electronic noise, n(%),
assumed to be additive white Gaussian noise, where its
severity was dependent on the signal-to-noise ratio (SNR).
In this study, the SNR is defined as:

SNR =101og10[ﬁ2J in decibel (dB), 3)

where 4° is the power of the readback signal and o
represents the standard deviation of electronic noise.

The readback signal r(¢) is then sent through a seventh-
order Butterworth low-pass filter (LPF), whose cut-off
frequency is at 1/(2xBL), to eliminate the out-of-band
noise, and is sampled at a time 7 = 0.5kxBL assuming
perfect synchronization, generating r = r(0.5kxBL). The
centers of the front and rear halves of the recorded
magnetization are the sampling points. Next, the sampled
sequence ry is equalized by a 1D equalizer design based
on a minimum mean-squared error approach [9] to adjust
the signal to match the desired PR-2 target. The equalized
sequence z is then fed to a modified Viterbi detector to
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Fig. 5. (Color online) Amplitude distributions of the readback
signals obtained from oversampling (a) at the bit transitions of
each track and (b) at the centers of the front and rear halves of
the recorded magnetization, respectively.

estimate the user bits, ay.

3. Proposed Systems

We start by analyzing the amplitude of the readback
signals obtained from the different oversampling schemes
when the reader is positioned between two desired tracks,
as shown in Fig. 5. The first scheme samples the readback
signal at the bit transitions of each track. This means that
the sampling interval is equal to BL/2, where BL is the
written bit length. In the second scheme, the sampling
points are located at the centers of the front and rear
halves of the recorded magnetization, which also means
that the sampling interval is equal to BL/2. Figs. 5(a) and
5(b) show the amplitude distributions of the readback
signals obtained from the first and second oversampling
schemes, respectively.

The amplitude distribution of the first sampling scheme
contains five data groups, with peak amplitudes located
around ‘0,” ‘£1,” and ‘£2,” as illustrated in Fig. 5(a),
which is consistent with the PR-2 channel as explained in
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Fig. 6. (Color online) (a) Modified Trellis diagram, (b) an
example of the transition state of (+1,+1) —> (-1,+1).

[5]. This verifies that the PRML technique is appropriate
for two-track reading with a wide-track reader. In contrast,
the second sampling scheme shown in Fig. 5(b) displays
three data groups with peak amplitudes located around ‘0’
and ‘+2°. This makes it easy to identify which group
corresponds to bit ‘“+1° or ‘=1’ using the pre-coder and
threshold detector. However, as the AD increases, the
effectiveness of this detector may diminish.

Therefore, to enhance the performance of the detection
process of the two-track reading with a wide-track reader
technique for shingled recording, we propose double-
track PRML detection, where the conventional Trellis
diagram is modified according to its new state diagram,
as shown in Fig. 6(a). In our proposed technique, we
utilize a pre-coder along with an oversampling scheme,
where the sampling points are located at the centers of the
front and rear halves of the recorded bits, as shown in
Fig. 6(b). The conventional Trellis diagram has four states
in this PR-2 situation [7], so there are eight paths in total.
In contrast, the branch metric of our modified Trellis
diagram is calculated based on all possible transitions of
recorded magnetization according to the oversampling
point.

For example, for the transition state (+1, +1) — (-1, +1)
as depicted in Fig. 6(b), the magnetization states (+1, +1, —1)
represent the previous state, transition state, and current
state, respectively. This transition produces readback
amplitudes for the k-1-th and k-th bit of S;_; = +2 and S, =
0, respectively. The complexity of our proposed detector
will remain the same as that of a conventional one;
however, it can detect two bits at the same time.

4. Performance Evaluation

In this study, we assess the BER performance of the
different recording schemes, all at an AD of 2 Tb/in’.
These consist of:
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Fig. 7. (Color online) BER performance versus SNR of vari-
ous signal processing schemes at an AD of 2 Tb/in’.

1) A single-track reading scheme, denoted by “ST-
PRML”, which utilized PRML detection to process the
retrieved readback signal. The TP and BL were set to 22
nm and 14.75 nm, respectively.

2) A double-track reading scheme using the over-
sampling detection technique denoted as “DT-Precoder-
w-threshold”. The pre-coder and threshold detector were
implemented similarly to those proposed in [7].

3) A double-track reading scheme using the double-
track PRML detection technique, referred to as “DT-
PRML”. Sampling occurs at the bit transition of each
track to simultaneously capture both data tracks, similar
to the proposals in [7].

4) Our proposed double-track reading scheme is processed
using a modified Viterbi detector, referred to as “DT-
Precoder-w-modPRML”.

The simulation results show that our proposed detection
technique effectively enhances performance in terms of
BER compared to the other methods, e.g., single- and
double-track reading PRML, and double-track reading
threshold detection, as shown in Fig. 7. At a BER of 107#,
the proposed system can achieve gains of approximately
1.3 dB and 2.4 dB compared to the ST-PRML and DT-
PRML systems, respectively, outperforming the threshold
detection technique. This outcome demonstrates that the
modified Viterbi detector can effectively utilize two-track
reading with a wide-track reader in SMR systems.

5. Conclusions

This study proposes utilizing pre-coding alongside a
modified Viterbi detector to enhance detection effectiveness
in single-layer magnetic recording systems. The traditional
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Trellis diagram of the partial response-2 channel is modified
and calculated based on all possible transitions of recorded
magnetization according to the oversampling point. In
this setup, the sampling points are positioned at the
centers of both the front and rear halves of the recorded
bits. Before writing the user bits onto the granular media,
they must be rearranged using a pre-coder. With an areal
density of 2 Tb/in? the track pitch and bit length are set at
14.75 nm and 22 nm, respectively. The proposed double-
track partial response maximum likelihood (PRML) system
that utilizes a modified Viterbi detector demonstrated
superior bit error rate performance compared to single-
track PRML systems, double-track reading with a threshold
detector, and double-track PRML systems that use a
conventional Viterbi detector. However, to enhance the
effectiveness of future research, it is essential to explore
alternative algorithms, particularly 2D signal processing
techniques, across various BL and TP scenarios at higher
AD.
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