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Embedded data storage systems are becoming indispensable tools for many domestic and industrial
electronic products. While Hard Disk Drives (HDDs) remain the most cost-effective form of non-
volatile data storage, up and coming novel technologies such as Probe-Based Storage Systems
(PBSSs) are gradually making their way into the data storage market. Unlike semiconductor
memories, both HDD and PBSS use movable read/write heads for locating stored data bits.
Therefore, the performance of the head positioning servomechanism of these systems plays a very
important role in enhancing their storage capacities. Position Error Signal (PES), which defines
the offset between the read head and the data track, is a critical element in ensuring high
performance of the head positioning servomechanism and advanced methods of generating PES
generation attention. This paper presents a toolkit that can be used for simulating and analyzing
PES in different storage systems with movable heads. The developed toolkit with MATLAB
Graphical User Interface (GUI) can be used by students to enable them to understand and visualize
the PES generation process. Engineers in the data storage industry can also benefit from this
toolkit in their effort to develop new, improved demodulation schemes. The developed toolkit is
user-friendly and portable, with the input data and structures of different components easily
changeable for rapid generation, analysis and evaluation of servo signals in PBSS and magnetic
recording systems.
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INTRODUCTION

SINCE THE INVENTION of the internet, data
storage has become one of the key elements in
information technology. With the continual inte-
gration of computers and network data storage,
consumers constantly demand low price, small
form factor, low power consumption, and high
capacity mobile storage devices. While magnetic
HDDs remain as the main cost-effective source of
non-volatile storage dominating the data storage
market, the areal densities achievable with
magnetic recording technologies will eventually
reach a limit imposed by the super-paramagnetic
effect. As such, many new candidates such as
silicon-based semiconductor memory chips
(Flash, CMOS, etc.) and Probe-Based Storage
Systems (PBSS) have been proposed. The PBSS,
demonstrated in the renowned `Millipede' project

[1±3], is capable of storing huge amount of data to
satisfy consumers' demands.

Fundamentally, PBSSs are based on the Scan-
ning Probe Microscopy (SPM) and Atomic Force
Microscopy (AFM) technologies developed for
characterizing the surface properties in small dedi-
cated regions. Slight modifications at the tip in the
SPM system allows the surface property of the
medium to be changed in nanometer scale [4]. With
the bits corresponding directly to the size of the tip,
PBSSs have a striking advantage in terms of areal
density compared with their magnetic counter-
partsÐthe conventional and well-known HDDs.

To further increase the storage densities to meet
consumer demands, more research efforts have
been invested to educate undergraduate students
and postgraduate students, as well as engineers
working in the data storage industries, to keep
up with the technological trends. With data
storage systems becoming physically smaller to
suit mobile consumer electronics applications, the* Accepted 25 May 2008.
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encoding methodology and signal quality of
PESÐthe error signal between the Read/Write
(R/W) element and the center of the data trackÐ
obtained are critical for fast and accurate R/W
head positioning to avoid Track Mis-Registration
(TMR) or 3s value of PES.

Ideally, the amplitude of the PES should be
linearly related to the distance when the R/W
element is off-track. In a typical operation, the
measured PES will be channeled back into the
digital servo controller in data storage systems to
accurately position the mechanical actuators back
into the track center for R/W operations in order
to prevent destruction of user data on the adjacent
tracks. As such, it is extremely crucial for students
and engineers working on data storage system
research to understand PES quality in accurate
head positioning, especially in today's high capa-
city data storage systems where the tracks' proxi-
mities are squeezed into the orders of nanometers.

In this paper, the concept and usage of PES for
R/W head position encoding/decoding in today's
data storage systems are detailed. To assist in
learning about and evaluating PES servo signal
quality, a GUI written in MATLAB is developed,
as GUIs are inexpensive and highly interactive
tools to teach undergraduate students and gradu-
ate students in courses, as well as practicing
engineers, researchers, and academics, about the
operating principles of PES [5]. This methodology
has been proven to be effective in aiding the
educator, allowing more time for interaction
between the educator and students to simulate
the waveforms [6], as it is difficult to obtain or
even visualize the PES from commercial HDDs.
More importantly, this GUI aims to inspire the

learners to come up with novel servo encoding
patterns to obtain linearity in PES for the next
generation of data storage systems. The novel
digital area demodulation technique developed
and successfully demonstrated in [7] is employed
for position decoding, and the effectiveness of the
proposed GUI is verified with extensive simulation
results using the PBSS.

The rest of the paper is organized as follows.
First we discuss the fundamental operation prin-
ciples of HDDs and PBSSs and their corres-
ponding PES modulation schemes. Details are
given of the PES generation and demodulation
techniques that are used with the developed
PBSS prototype, named `Nanodrive', as an illus-
trative example. The components of the developed
PES GUI toolkit are then explained with example
simulations. Finally we give our conclusions and
explore the directions for future work.

DATA STORAGE SYSTEMS

In this section, the two commonly used data
storage systems employing mechanical actuators
and PES (namely HDDs and PBSSs) are intro-
duced. The similarity in their fundamental opera-
tions and usage of PES for positioning control are
also highlighted.

Hard disk drives(HDD)
An HDD is a high precision and compact

mechatronics device. A typical commercial HDD
consists of a disk pack, actuation mechanisms and
a set of R/W heads, as is shown in Fig. 1.

Fig. 1. Inside a typical commercial HDD.
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Operation principles
The major components in a typical HDD

include:

. the actuator arm driven by the VCM;

. disks that contain data and servo address infor-
mation;

. the head-suspension assembly to perform R/W
actions on the disks;

. the actuator assembly, which contains the VCM
to drive the R/W head;

. the spindle motor assembly to cause the disks to
rotate at a constant speed;

. an electronics card to serve as the interface to
host computer, and

. the device enclosure, which usually contains the
base plate and cover to provide support to the
spindle, actuator, and electronics card, etc.

Disks are inserted into the spindle shaft (separated
by spacers) and are rotated by the spindle motor at
a constant revolution-per-minute (rpm). The R/W
heads are mounted at the tip of the actuators
protected by the sliders. Owing to the amount of
air-flow generated by the high speed disk rotation,
a very thin air bearing film is generated and hence
the head-slider can float on the lubricant of the
disks instead of being in contact with them.

Readback signal
In the magnetic HDDs, the recording channel

response can be characterized by a step response,
which can be derived theoretically using electro-
magnetic theories. A commonly used model for the
readback signal is the Lorentzian function sHDD(t)

sHDD�t� � 1

1� 2t
PW50

� �2
�1�

where PW50 is the time duration distance between
the points at which the amplitude is 50% of its
peak value, and is determined by the transition
width in the recording media and the R/W head-
to-media distance. A picture of the simulated
Lorentzian pulse when the R/W head detects a
magnetic signal is shown in Fig. 2. For perpendi-
cular magnetic recording systems, which are
employed in current HDDs, an arc tangent func-
tion can be used instead to model the readback
signal.

PES modulation scheme
In a typical operation, the HDD electronic

circuits receive control commands from the host
computer and the control signals are processed in
the on-board Digital Signal Processor (DSP). On
receiving the control signals, the actuator will then
move and locate the R/W heads to the target
locations on the disks for the R/W process to
take place. During this process the PES and the
track numbers are read from the disk for feedback
control.

User data is recorded as magnetic domains on
the disks coated with magnetic substrates in
concentric circles called tracks. A typical HDD
servo system consists of two types: the dedicated
servo and the embedded servo (or sector servo) as
shown in Fig. 3.

The earliest method of placing servo informa-
tion is the dedicated servo platter, where an entire
surface of one disk in the disk stack is dedicated to
the servo patterns. The surface used for servo
patterns are continuous around an entire revolu-
tion of the disk and so an analog and continuous
time servo system can be designed, hence avoiding
the sample rate and bandwidth limitations of any
sampled-data system. The disadvantages of a dedi-

Fig. 2. Readback signal for magnetic recording technologies in HDDs.
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cated servo are that it suffers from thermal off-
track error, and it is not economically efficient if
the number of disks in the disk stack is small. The
dedicated servo uses all the tracks on one disk
surface of a disk pack to store servo information,
and is hence used in older generations of HDDs. In
modern HDD systems, it is very hard to find a
dedicated servo in actual implementations and
commercially used.

Currently, most HDDs employ the embedded
servo method, which divides the track into storage
of user data and servo information, as most
current HDDs have less disk platters. Each
concentric ring on the surface on which data is
recorded is referred to as a track. The position
information is contained on all tracks together
with the user data and other information. The
servo data is recorded at regular intervals on
each track, forming radial sectors as depicted by
the grey regions on the right of Fig. 3. The space
between the servo fields is used for data recording

and this method of implementation is referred to as
embedded servo or sector servo. Sector servo can
avoid the thermal track shift that is present in a
dedicated servo system. Moreover, it overcomes
the limitations of dedicated servos by generating
the servo information with special spatial servo
data patterns recorded on each of the track sectors.
Embedded servos also provide the most accurate,
error-free, and cost-effective head positioning tech-
nique for HDDs. Using an embedded servo, the
encoded position in servo sectors can be demodu-
lated into a track number as well as PES, which
indicates the relative displacement of the head
from the center of the nearest track. Interested
readers are referred to [8] for in-depth discussions
on different servo patterns as well as PES encoding
and demodulation schemes, and [9] where multiple
frequency servo bursts are used to decode PES.

Probe-based storage systems
PBSSs, on the other hand, rely on hundreds of

Fig. 3. The main PES encoding techniques in HDDs. Left: dedicated servo with continuous servo information on one disk surface only.
Right: embedded servo with discrete sectors of servo information (in grey) on each disk.

Fig. 4. Components of the `Nanodrive' PBSS, consisting of: cantilever probe tips; a linear motor and the MEMS X-Y stage with
recording medium.
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probes operating in parallel for high speed Read/
Write/Erase (R/W/E) operations. With the success-
ful demonstration by International business
machines (IBM) in the renowned `Millipede''
project [1, 2, 3], many research institutes around
the world are currently working on PBSSs. While
their approaches may differ, the main components
used for high speed parallel R/W/E of user data are
similar. In the rest of this paper, the proposed so-
called `Nanodrive'' PBSS. which was developed in
the A*STAR Data Storage Institute (DSI) as
shown in Fig. 4 is used.

Operation principles
The major components in a typical PBSS

include:

. probes (consisting of a sharp tip on a cantilever);

. the polymer storage medium;

. a MEMS micro X-Y stage or MEMS scanner
platform, and

. control, signal processing and sensor electronics,
etc.

The nanometer-wide tips of the probes perform the
R/W/E operations by altering the surface physics
of the polymer storage medium via either (i)
thermal [1, 2, 3] (ii) electric [10] or even (iii)
magnetic [11] properties on a small dedicated
region. The polymer storage medium is bistable
and bonded on the micro X±Y stage or scanner
platform during fabrication. The interference
between adjacent parts must be kept to a minimum
with high retention of the states after R/W/E
operations to safeguard the reliability and integrity
of the written-in user data. For batch fabrication,
small form factor and low cost, it is desirable for

the micro X±Y stage to be fabricated using a
lithography processes. The micro X±Y stage with
MEMS capacitive comb driven micro-actuators
should move the recording platform with a fast
response, while maintaining small mechanical
crosstalk (axial coupling) [12].

Readback signal
In the `Nanodrive', the readback signal is

obtained from thermo-mechanical properties
when the heated probe tips perform R/W/E opera-
tions by altering the surface of the polymer
medium, similar to that in the `Millipede'. As
such, while the readback signal is currently not
available in the `Nanodrive', a transfer function for
the readback signal sPBSS(s) is identified from the
experimental data obtained in [1]

sPBSS�s� �
4:954� 1012

s2 � 8:446� 105s� 4:954� 1011
ÿ eÿ1:080�10ÿ5s

7:039� 106

s� 7:039� 106
�2�

as (2) [13]. An illustration of the simulated thermo-
mechanical pulse when the probe tip detects a
thermo-mechanical signal is given in Fig. 5.

PES modulation scheme
Similar to HDDs, the control electronics

consists of a DSP for signal processing (PES
demodulation, read channel encoding/decoding
and multiplexing/demultiplexing, etc.) and control
signal computations. Various controllers can take
charge of Input/Output (I/O) scheduling, data

Fig. 5. Readback signal for thermomechanical pulse in PBSSs.
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distribution and reconstruction, host interface and
failure management. A DSP works as the `brain' of
the PBSS to receive, process and output control
signals in a typical operation. On receiving refer-
ence commands, the micro X±Y stage is actuated
to the desired locations with the help of thermal
[14] or capacitive sensors. The probes will then rely
on written in PES on dedicated servo fields for R/
W/E operations to take place in an array opera-
tion. The simultaneous parallel operations of large
number of probes boost the data access speed
tremendously.

User data is recorded as indentations on the
polymer substrate in horizontal lines, also called
tracks.

For the `Nanodrive', the polymer storage
medium is partitioned into five parts as can be
seen in Fig. 6.

In order to control the probe tips' position more

accurately during R/W/E operations in a high
density storage field, the sections at the middle
and flanks of the storage medium are dedicated as
servo fields where servo information is either pre-
patterned on the storage medium during the fabri-
cation process or written after system integration.
These regions are not accessible for W/E opera-
tions and only the R process can take place to
extract the servo bursts for PES demodulation and
generation. The middle servo field is essential to
ensure that the array of cantilever probe tips are at
the same horizontal level at all times during R/W/E
operations. The other two sections are the user
data fields reserved specially for R/W/E of user
data. In such a configuration, near continuous
time servo system can be achieved by mimicking
an embedded servo to achieve better control objec-
tives and specifications.

From the above, it can be seen there exist many

Fig. 6. Partition of PES servo field and user data field in the `Nanodrive'.

Fig. 7. Configuration of A, B, C, and D servo bursts. Only two servo bursts are displayed for each field for simplicity but without loss of
generality.
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inherent similarities between the two types of
storage systems. The same error signal PES is
used to maintain the R/W/E element on the
center of the track during track following opera-
tions, in spite of the presence of external distur-
bances and measurement noise, which in essence is
PES variance control. The track following process
has to effectively reduce TMR, which is used to
measure the offset between the actual head posi-
tion and the track center.

PES GENERATION AND
DEMODULATION

The many inherent parallelisms in data storage
operations for HDDs and PBSSs have been
shown. Be it HDDs or PBSSs, their servo systems
use similar PES encoding/decoding methodology
and identical properties, with the exception of the
representation of the digital bit being either
magnetic domains in HDDs or mechanical inden-

Fig. 8. Readback signal from A, B, C, and D servo bursts at ±1/6 off Track 1 at Position P1.

Fig. 9. Readback signal from A, B, C, and D servo bursts at ±1/2 track offset from Track 2 at Position P2.
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tations in PBSSs. In this section, the principles of
PES generation and demodulation methodology
will be illustrated using PBSSs as an example for
simplicity but without loss of generality.

The PES signal quality and linearity are impor-
tant for unique position encoding/decoding to
drive the servo system for R/W/E of user data.
Ideally, the magnitude of PES is a direct estimate
of the vertical (cross track) distance of the tip from
the track centerline, and its polarity indicates the
direction of this offset. The scheme is based on the
concept of mutually vertically displaced bursts
analogous to magnetic recording technologies in
HDDs, arranged in such a way as to provide two
signals in quadrature, which can be combined to
provide a robust PES. The servo marks are placed
in bursts labeled A, B, C, and D, and are shown in
Fig. 7.

As can be seen from Fig. 7, the centers of servo
marks in B bursts are vertically offset from mark
centers in A bursts by d units of length, and this
amount of vertical spacing is directly related to the
diameter of the written-in marks. The same prin-
ciple applies to marks in quadrature bursts C and
D, with the additional condition that mark centers
in C bursts are offset by d/2 units from mark
centers in A bursts in the cross-track direction.
Together, the A and B bursts will be used to form
the in-phase PES signal PESP, while the C and D
bursts will be used to form the quadrature-phase
PES signal PESQ, which will be detailed in the
following section.

The logical marks are placed at a fixed horizon-
tal distance from each other along a data track
measured from logical mark center to logical
marker center as the Bit Pitch (BP). The vertical

(cross-track) distance between neighboring tracks
is known as the Track Pitch (TP), and is 1.5d units
in length, which is different from that in magnetic
recording data storage systems. It should be noted
that only two logical marks are shown here for
brevity but without loss of generality, although
each burst typically consist of many marks to
enable averaging of the corresponding readback
signal.

The readback signal will be the biggest when the
probe tip is at the center of the bit. It is assumed
that as the probe tips move away from the center
of the bit, the corresponding readback signal
decreases linearly until zero when there is no
logical mark under the probe tips at any arbitrary
position. As such, the offset of the track center can
be calculated with this readback signal relationship
and is illustrated here with three typical cantilever
tip positionsÐnamely P1, P2, and P3, as shown in
Fig. 7.

At Positions P1, P2, and P3, the head is on ±1/6
track offset from the center of Track 1, at an off-
track of ±1/3 to the center of Track 2, and posi-
tioned exactly on the center of Track 3, respec-
tively. At Position P1, the head senses no readback
signal from A and C bursts because of none of
logical marks are under the corresponding probe
tips in that position. However, a readback signal
can be obtained from B and D bursts with the same
of amplitude, and is shown in Fig. 8. It is assumed
that eight logical marks are used for each servo
burst, although only two are shown in Fig. 7 for
purposes of illustration only.

At Position P2, no readback signal can be
obtained from B, C, and D bursts, while the
probe tips sense a readback signal of full amplitude

Fig. 10. Readback signal from A, B, C, and D servo bursts at center of Track 3 at Position P3.
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from the A bursts. As such, the corresponding
readback signal at Position P2 is obtained and is
shown in Fig. 9.

At Position P3, the probe tips detect a readback
signal from A bursts but not from B, C, and D
bursts. Similarly, the corresponding readback
signal at position P3 is shown in Fig. 10.

PES TOOLKIT SIMULATION AND
DEMONSTRATION

The fundamentals and parallelisms of PES in
HDDs and PBSSs having been introduced, the
developed GUI in MATLAB for PES simulation
and evaluation is demonstrated in this section. The
PES simulation toolkit when executing the
MATLAB code on initialization is shown in
Fig. 11.

Features
On initialization, the default important para-

meters of track number and offset value are set
as one and 0%, respectively, as shown in Fig. 11. In
the proposed GUI toolkit environment shown in
Fig. 11, the required simulation parameters
(namely the R/W head offset and track number)
and attribute values can easily be changed by the
user, with the simulation results immediately
displayed in the corresponding windows. No modi-
fication of MATLAB program source code is
required as all the major and important PES
related attributes are provided on the interactive
GUI platform.

In top left of the GUI in Fig. 11, the readback
signals of the A, B, C, and D servo bursts are
displayed. When different offset values or track
numbers are chosen, the amplitudes of these bursts
will change and be displayed accordingly. Depend-

ing on the data storage system under study (HDDs
or PBSSs), the corresponding readback signal is
displayed at the bottom left of the PES simulation
toolkit. In turn, the corresponding in-phase PESP,
quadrature-phase PESQ, and combined PES are
shown at the bottom right of the GUI. Since PES
will be periodic in every four tracks, the GUI
allows users to choose track numbers from zero
to four. The range of the offset value in the slider
bar is from ±1/2 to + ±1/2 for PBSSs and ±75% to
+75% for magnetic recording systems. It is worth
noting that the TP is 1.5 units instead of unity,
which is used for our illustrations of PES encoding/
decoding methodologies in PBSSs, but can easily
reverted and normalized to unity in the event of
evaluation of PES in magnetic recording systems.

PES generation
In this section, the PES generation technique

based on digital area demodulation implemented
on a PC-based spinstand servo system is used [7].
The digital area demodulation technique rectifies
the digital samples of instantaneous readback
signals, and the rectified samples are summed
with a predetermined number of samples to fix
the integration window to an integer number of
periods of the burst waveform as

sum of rectified A burst sampled signal

�
XN

n�1

�An

�� ��
sum of rectified B burst sampled signal

�
XN

n�1

�Bnj j

Fig. 11. MATLAB GUI for proposed PES simulation toolkit. Top: readback signal from A, B, C, and D servo bursts. Bottom-left:
desired readback signal. Bottom-right: Ideal in-phase PESP and quadrature-phase PESQ as a function of R/W head (or probe tips) off-

track.
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sum of rectified C burst sampled signal

�
XN

n�1

�Cn

�� ��
sum of rectified D burst sampled signal

�
XN

n�1

�Dnj j �3�

where N is the predetermined number of samples.
A priori, closed-loop control using online iterative
control has been implemented successfully on this
system to demonstrate the effectiveness of digital
demodulation [15].

For our simulations, N = 8 is used and the
sampling time is chosen as 18610±8 s. The high
sampling rate is employed for our current `Nanod-
rive' setup, as the near dedicated servo PES encod-
ing can be achieved from the usage of allocated

Fig. 12. Ideal in-phase PES PESP (solid) and quadrature-phase PES PESQ (dashed) as a function of probe tip (or R/W head) off-track.
The PES (bold) is used for digital demodulation and feedback control.

Fig. 13. Current PES p (round marker) and q (square marker) along the calibrated in-phase PES PESP (dashed) and quadrature-phase
PES PESQ (solid), and combined PES (triangular marker) at ±1/2 track offset from the center of Track 1.
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servo fields as shown earlier in Fig. 6. Similarly,
this sampling time can easily be changed in the
proposed GUI as mentioned in the previous
section. The sums of the magnitude for all the
four servo patterns are detected. Using (3), the
construction of the PES with normalization are
derived as

PESP � 1

K

XN

n�1

�An

�� ��ÿXN

n�1

�Bnj j
 !

PESQ � 1

K

XN

n�1

�Cn

�� ��ÿXN

n�1

�Dnj j
 ! �4�

Fig. 14. Current PES p (round marker) and q (square marker) along the calibrated in-phase PES PESP (dashed) and quadrature-phase
PES PESQ (solid), and combined PES (triangular marker) at ±1/3 track offset from the center of Track 1

Fig. 15. Current PES p (round marker) and q (square marker) along the calibrated in-phase PES PESP (dashed) and quadrature-phase
PES PESQ (solid), and combined PES (triangular marker) at ±1/6 track offset from the center of Track 1.
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where K is the sum of readback sampled signal
with unity amplitude. PESP is known as the in-
phase PES, and is zero at odd numbered tracks
whereas PESQ is known as the quadrature-phase
PES and is zero at even numbered tracks. Ideally,
these two derived signals should vary linearly
within a track width but tends to be nonlinear in
practice, especially at very high bit densities. As
such, the quadrature-phase PESQ is employed to
improve linearity and reduce sensitivity to medium
surface defects. Moreover, unique position decod-
ing can be achieved with the usage of quadrature-
phase PESQ in PBSSs.

By taking the linear portions of PESP and
PESQ, a more accurate PES can be derived from
the black lines as shown in Fig. 12.

Similarly, it should be noted that only four
tracks are plotted as a function of cross-track
position in Fig. 12, since the PES signal is periodic
with every four tracks. As such, the following
relationships at an arbitrary Track N can be
obtained:

. at the center of Track 4N � 1, [p q] = [±1 0]

. at the center of Track 4N � 2, [p q] = [0 ±1]

. at the center of Track 4N � 3, [p q] = [1 0]

. at the center of Track 4N � 4, [p q] = [0 1]

where p and q are the current PES along the
calibrated in-phase PES PESP and quadrature-
phase PES PESQ, respectively.

Illustrative examples
In this section, the perusal of the developed PES

toolkit is simulated using the probe tip of PBSSs at
Track 1 with offset from ±1/2 to +1/2 as an example
to illustrate PES linearity property. The values are

chosen in multiples of fractions of sixes as the TP is
1.5 times of the BP. In the following figures, the
points in the in-phase PES PESP (i.e. p), quad-
rature-phase PES PESQ (i.e. q), and combined PES
are represented by the round marker, square
marker, and triangle marker, respectively.

±1/2 track offset
From the previous section, it had been shown

that the relationship at the center of Track 1 is [p q]
= [±1 0] since N = 0. When the slider in Fig. 11
is adjusted to the left at a track offset of ±1/2, the
value of p and q will be ±0.5 and 0.5 as can be seen
from the round marker and square marker in Fig.
13, respectively.

From ±1/2 to ±1/3 track offset, the in-phase PES
PESP is chosen as the absolute value of PESP is
less than that of PESQ, and is shown by the
triangular marker in Fig. 13 for position decoding.

±1/3 track offset
When the track offset is set to ±1/3, the value of p

and q will be 0 and ±1 as can be seen from the
round marker and square marker in Fig. 14,
respectively.

From ±1/2 to ±1/3 track offset, the absolute value
of PESP is still less than that of PESQ, and hence
the in-phase PES PESP shown by the triangular
marker in Fig. 14 for position decoding is still
employed.

±1/6 track offset
When track offset is set to ±1/6, the value of p and

q will both be ±0.5 as can be seen from the round
marker and square marker in Fig. 15.

However from ±1/6 to the track center, the

Fig. 16. Current PES p (round marker) and q (square marker) along the calibrated in-phase PES PESP (dashed) and quadrature-phase
PES PESQ (solid), and combined PES (triangular marker) at zero track offset from the center of Track 1.
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situation of PES employment for feedback control
is reversed as the absolute value of PESQ is now
less than that of PESP. As such, the quadrature-
phase PES PESQ shown by the triangular marker
in Fig. 15 for position decoding will be used.

Zero track offset
At the center of the track corresponding to zero

track offset, the values of p and q will both be 1

and 0 as can be seen from the round marker and
square marker in Fig. 16.

At zero track offset, the probe tips (or R/W
heads) are at the track center which is the `ideal'
position though the quadrature-phase PES PESQ

shown by the triangular marker in Fig. 14 for
position decoding is used. As such, no control
actions will be required since PESQ is zero,
which will keep the probe tips (or R/W heads) at

Fig. 17. Current PES p (round marker) and q (square marker) along the calibrated in-phase PES PESP (dashed) and quadrature-phase
PES PESQ (solid), and combined PES (triangular marker) at +1/6 track offset from the center of Track 1.

Fig. 18. Current PES p (round marker) and q (square marker) along the calibrated in-phase PES PESP (dashed) and quadrature-phase
PES PESQ (solid), and combined PES (triangular marker) at +1/3 track offset from the center of Track 1.
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this locationÐcorresponding to the center of the
tracksÐat all possible times.

For brevity but without loss of generality, the
cases for the probe tips (hence R/W heads) at +1/6,
+1/3, and +1/2 track offset are shown in Figs. 17,
18, and 19, respectively.

From the above figures, it can be clearly seen
that the principle of PES decoding is identical to
the cases with negative offset depicted earlier. The
main essence of this decoding is that the smaller of

the absolute values of two markers is used to
determine PES to ensure that R/W/E operations
are executed by moving the probe tips (R/W heads)
back to the track centre.

In all, the decoding scheme for a general track
number N and different offsets are summarized
and documented in a lookup table in Table 1. The
underlined entries denote the identical value of p
or q being used as the PES signal for feedback
control.

Fig. 19. Current PES p (round marker) and q (square marker) along the calibrated in-phase PES PESP (dashed) and quadrature-phase
PES PESQ (solid), and combined PES (triangular marker) at +1/2 track offset from the center of Track 1.

Table 1. Lookup table for PES decoding scheme

Track 4N+1 Track 4N +2

Track offset p q PES p q PES

0 ±1 0 0 0 ±1 0

±1/2* ±1/3 0.5* 0 ±0.5* ±1 0.5* 0 0.5* 1 0.5* 0 0.5* 0

±1/3* ±1/6 0* ±0.5 ±1* ±0.5 0* ±0.5 1* 0.5 0* ±0.5 0* ±0.5

±1/6* 0 ±0.5* ±1 ±0.5* 0 ±0.5* 0 0.5* 0 ±0.5* ±1 0.5* 0

0*+1/6 ±1* ±0.5 0* 0.5 0* 0.5 0* ±0.5 ±1* ±0.5 0* ±0.5

+1/6*+1/3 ±0.5* 0 0.5* 1 ±0.5* 0 ±0.5* ±1 ±0.5* 0 ±0.5* 0

+1/3*+1/2 0* 0.5 1* 0.5 0* 0.5 ±1* ±0.5 0* 0.5 0* 0.5

Track 4N + 3 Track 4N + 4

Track offset 1 0 0 0 1 0

±1/2* ±1/3 ±0.5* 0 0.5* 1 ±0.5* 0 ±0.5* ±1 ±0.5* 0 ±0.5* 0

±1/3* ±1/6 0* 0.5 1* 0.5 0* 0.5 ±1* ±0.5 0* 0.5 0* 0.5

±1/6* 0 0.5* 1 0.5* 0 0.5* 0 ±0.5* 0 0.5* 1 ±0.5* 0

0*+1/6 1* 0.5 0* ±0.5 0* ±0.5 0* 0.5 1* 0.5 0* 0.5

+1/6*+1/3 0.5* 0 ±0.5* ±1 0.5* 0 0.5* 1 0.5* 0 0.5* 0

+1/3*+1/2 0* ±0.5 ±1* ±0.5 0* ±0.5 1* 0.5 0* ±0.5 0* ±0.5
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CONCLUSION

In this paper, a simulation toolkit for studying
PES generation in data storage system is
presented. The toolkit includes a graphical user
interface (GUI) developed using MATLAB. With
the GUI, users of the toolkit can alter different
parameters associated with the PES generation
mechanism of hard disk drive and storage-based
storage system. This toolkit can be used to enhance
learning and understanding PES generation
mechanisms of HDD and PBSS. It can also be
used to analyze effects of different parameters and,
therefore, to develop better PES schemes. Both
students and practicing engineers can benefit from
using the proposed toolkit. Simulation results
show that using digital area demodulation and

the lookup table allows fast signal processing for
unique position encoding to bring the probe tips or
R/W heads back to the track centers effectively.
Other demodulation schemes can be incorporated
for comparative study between different schemes.
Future works include modeling the effects of noise
and disturbances on the demodulated PES, design
of novel demodulation schemes, as well as creating
an add-on module for a one stop digital servo
controller evaluation.

The toolkit can be used to help in teaching
undergraduate and graduate level courses on
data storage systems. One such module, EE4506
(Magnetic Recording Systems), is offered once a
year to undergraduate students of Electrical and
Computer Engineering in the National University
of Singapore.
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