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Abstract: This paper presents a survey of control issues in optical storage data systems.
Servo control has the important role of moving the optical pick to a track and regulating it
to read and write data along the track. The performance of the servo system determines total
system performance, such as access time, data rate, and latency. In this regard, we review servo
control systems and walk readers through key issues of servo control technology. We also discuss
servo control issues in some new storage technologies, such as near-field recording systems.
Although optical data storage systems are highly precise mechatronic systems, they have not
yet been considered extensively in the literature of the control engineering society. This review
provides a description of servo control issues in optical data storage systems from specification
to implementation of control theory. We thus believe that this paper will be useful for readers
practicing control theory both in academia and in industry.
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1. INTRODUCTION

This paper presents a survey of control issues in op-
tical data storage systems (ODSSs). The optical data
storage industry first introduced the compact disk (CD)
to the consumer market almost three decades ago in
1982 (Pohlmann [1992], Stan [1998]). To date, optical disk
drives such as CD-ROM and DVD are the most widely
used data storage systems. Blu-ray discs, which have
greater data storage capacity than CD and DVDs, have
recently become popular. Blu-ray discs can record high-
definition videos without any quality loss. Moreover, from
a servo control point of view, Blu-ray discs overcome DVD
readability issues with a closer lens to medium distance,
thus eliminating the problem of disk tilt, which causes
birefringence. Servo control technology is at the center of
optical data storage systems that are evolving for greater
data capacity. In the case of optical discs, servo control
plays the important role of moving the optical pick to
a track and regulating it to read and write data along
the track. The performance of the servo controller also
determines the performance of the optical data storage
system, such as access time, data rate, and latency. In
this regard, we review servo control systems by describing
actuators, sensors and sensor signals, specifications, servo
control structures, and key issues of servo control technol-
ogy such as focus servo, track servo, seek operation, and
robust control against periodic and nonperiodic distur-
bances, including fault detection and shock disturbances.
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We also discuss servo control issues in some new storage
technologies such as near-field recording systems, in which
significant technical progress in development has recently
been made. Although optical data storage systems are
highly precise mechatronic systems, they have not yet been
considered extensively in the literature of the control en-
gineering society (Chaghajerdi [2008]). This survey paper
contributes a description of servo control issues in optical
data storage systems from specification to implementation
of control theory. We thus believe that this paper will
be useful for readers practicing control theory both in
academia and in industry.

The rest of this paper is organized as follows. In Section 2
we review the general architecture of ODSS and the gen-
eral sequence of a servo system to help readers understand
how the servo system reads (or writes) data from (or to) a
disc. Section 3 introduces signal processing for control and
reviews the basic principles of signal detections for focus
and track servo. Section 4 reviews the basics of control
systems, such as focus and track servo and robust control
in order to illustrate control issues. Section 5 reviews
emerging issues in optical data storage, such as near-field
recording systems, and Section 6 provides our conclusions.

2. GENERAL ARCHITECTURE OF OPTICAL DATA
STORAGE SYSTEMS

2.1 System Architecture

This section illustrates the generic architecture of ODSSs
and the servo system. Fig. 1 shows a typical example of
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Fig. 1. An example of a mechanism assembly with a DVD
pickup.

an ODSS, consisting of an optical pickup unit (OPU),
a sledge motor, and a spindle motor (see e.g. Pohlmann
[1992], Steinbuch et al. [1994], Stan [1998], Chaghajerdi
[2008], and the references therein). An OPU is composed
of several components:

e Servo components: focus actuator, track actuator,
and spring supports for holding an objective lens.

e Optical components: laser diode, collimation lens,
polarizing beam splitter, objective lens, and so on.

e Electric components: monitoring photo-detector
(MPD), photo-detector for channel signals, and so on.

The laser diode emits red lasers with wavelengths of 780
nm and 650 nm for CD and DVD systems, respectively.
Also, a blue laser with a wavelength of 405 nm can be
used for Blu-Ray (or HD-DVD) systems. Note that the
emission efficiency of a laser is sensitive to the ambient
temperature. Hence, the emission power of a laser should
be controlled by a feedback loop in order to obtain the
optical signals uniformly against temperature variations.
For the feedback, the MPD indicates how much power
is emitted from the laser. Since the life cycle of a laser
depends on the amount of current supplied to it, a current
limiter should be placed along with the feedback loop
to avoid damage to a laser diode. The focus and track
actuators move the objective lens in the focal and radial
directions, respectively. The objective lens supported by
springs with light damping can be moved by electro-
magnetic forces from the actuators. Once the objective lens
is placed at a focal length from a disc and the laser power is
stably controlled, the photo-detector generates the channel
signals and a high frequency (HF) signal. Position error
signals (servo errors) of a beam spot can be obtained by
combining the channel signals.

Observe that the OPU is movable along with the lead
screw, which is rotated by a sledge motor. The sledge
motor can be designed by either a DC motor or a stepper
motor depending on the target applications (see e.g. Liao
[2005]). If fast data access is needed, a stepper motor can
be used. A DC motor is a better choice if silent movement
is required rather than fast data access, as in a CD player.
Overall, a sledge and a track actuator can be viewed as
a dual stage actuation system for track servo. The sledge
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Fig. 2. The typical architecture of an optical data storage
system.

motor moves the OPU as a course actuator, and the track
actuator finely adjusts the location of an objective lens.

To read data from or record data to an optical disc, the
so-called servo system should control the OPU, the sledge
motor, and the spindle motor in the correct sequence.
To this end, the block diagram of the servo system is
shown in Fig. 2. In general, the front-end servo processor
handles the channel signals, performs the servo control,
and decodes the data (or sector address). The back-end
processor may be a microprocessor or a multimedia pro-
cessor that can supervise the front-end processor, enable
the communication protocol to the host PC, and conduct
data decoding (e.g., MPEG decoding in the case of a
DVD player). More recently, the marketplace has favored
one chip semiconductor solutions that combine the front-
end servo processor and the back-end processor to reduce
the system cost (Okamoto et al. [2003]). Further details
on the functionality of the control loop in commercial
optical disc drives (ODDs) can also be found in other
studies (Pohlmann [1992], Stan [1998], Akkermans [2001],
Bittanti et al. [2002]).

The general sequence in which a servo system reads data
from a disc is as follows:

(1) Offset calibration of signals after power-on; the chan-
nel signals from a photo-detector contain a certain
amount of electrical offsets. These offsets should be
measured and compensated first.

(2) Laser turned on and disc search process; once a disc
is loaded, it should be checked to verify that it has
sufficient reflection. To this end, the objective lens is
moved from the bottom position up to a maximum
position with the laser turned on. The HF signal is
generated when the objective lens passes across the
focal depth area around the focal length distance. By
detecting this, the existence of a playable disc can be
determined.

(3) Focus error and HF signals calibration; regardless of
constant laser emission power, the intensity of reflec-
tion varies through discs, which results in different
signal levels. To avoid this, the magnitude of the focus
error (FE) is measured during the disc search process,
and the amplifier gains of channels (e.g., the analog
amplifiers or the digital gains along A~D signals from
the photo-detector) should be correctly adjusted.

(4) Spindle rotation started.

(5) Focus servo turned on.
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(6) Track error calibration; once the focus servo is stably
working, the magnitude of sub-channel signals (or
the differential phase detection signal for a DVD)
should be appropriately adjusted to obtain a specified
magnitude of track error.

(7) Track servo turned on.

(8) Automatic gain adjustment of the focus and track
servo loops; even with the initial calibration process,
the closed-loops for the focus and track servo in-
volve significant parameter uncertainties caused by
the non-unique reflectivity of a disc, track pitch vari-
ation, and the uncertainties of OPU. To guarantee
uniform servo performance, the loop gain (i.e., the
DC gain of an open-loop system that uses an injected
disturbance) should be automatically adjusted (Kim
and Rew [2007]).

(9) Identifying the current address and seeking; when the
focus and track servo are stable, the data is restored
through the data phase-lock loop (PLL) process from
the HF signal. The current position in an address
format is then identified, and the beam spot of a
pickup should be moved to reach a target address,
which is called the seeking operation.

Steps (1) through (8) are necessary for a newly loaded
disc, and they consume a certain amount of time at the
beginning stage of reading a disc. This initial startup
time is considered one of the major drawbacks of ODSSs.
Only when the calibration and gain adjustment processes
are completed can the uniform performance of ODSSs be
achieved.

2.2 Servo Actuators in OPU

The main performance of ODSSs comes from the control
performance of the focus and track servo systems; thus,
the design parameters of an OPU can be a major concern.
In general, the servo actuators can be modeled by a mass-
spring-damper system (Bittanti et al. [2002], Hock and
Li [2000], Filardi et al. [2002]), and the actuation to an
objective lens for focusing (or tracking) is achieved by a
voice-coil actuator: F' = BLN-i, where B, L and N are the
magnetic flux density, the length of coil, and the number
of coil-turns, respectively, and 7 is the amount of current
flowing through the coil. The actuation force moves the
objective lens of mass m, with a spring support that has
stiffness k£ and damping d, which leads to the transfer
function from the current I(-) to the displacement X (-)
as follows

_ BLN/k W

() ra ()

where w, = \/k/m is the natural frequency, and Q =

vmk/d is the Q-factor. Thus, with the electrical compo-
nents of the actuator with resistance R and inductance L,
the overall transfer function can be described by

X(s)_ 1 BLN/k
V(s) R+ Ls (L)Q"’%(i) 41

Wn,

(2)

where V(-) is the input voltage (Bittanti et al. [2002]).
Hence, the major design parameters for a servo actuator
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are the first natural frequency, Q-factor, the low-frequency
gain (i.e., the DC gain: BLN/(kR) at s = 0), and the
coil resistance and inductance. For example, the design
parameters of a focus servo actuator in an OPU for a CD-
player are a low frequency gain of 1 +0.5 mm/V, a first
natural frequency of 25 +4 Hz, a Q-factor of less than 20
dB, and a resistance of 11 £1.5 €.

Note that the simplified modeling of an OPU in (2) does
not describe generically hidden issues in practice. First, the
actuators in an OPU have the second resonant frequency,
which should be far from the closed-loop bandwidth of
a servo system (Hock and Li [2000]). For example, the
closed-loop bandwidth of a focus servo is usually designed
to be less than 2 kHz (in a high speed ODSS). Also, the
second resonance may exist over 10 kHz as a result of an
OPU design specification. Since they may not be suffi-
ciently separated, for a certain sample, the high frequency
components of the feedback control input may excite the
second resonance and cause structural vibration, which
degrades the control performance and also results in a
high-frequency noise. A similar spillover effect has been
reported in an OPU design with flexible supports in Choi
et al. [2001]. Second, in the case of the focus servo, gravity
may cause a steady deflection of an objective lens from the
center position. This phenomenon worsens at high temper-
atures, a fact that should be considered in the mechanical
and control design. Third, the deviation of an objective
lens from the nominal position (due to the mismatch of
the sledge and desired track positions) induces a nonlinear
effect that degrades the control performance. Fourth, the
design parameters addressed above may be defined and
measured at room temperature. This implies that there
should be a great amount of parameter variation when
the OPU is used at high or low temperatures. Measuring
the characteristics of the OPU in an open-loop is generally
difficult without using a laser Doppler vibrometer (LDV).
However, open and closed-loop parametric system identifi-
cation can be performed by measuring the current through
the actuator (Vidal et al. [2001c]).

3. SIGNAL PROCESSING FOR CONTROL
3.1 Specifications

In order to specify the servo system for the optical data
storage system, focusing, axial, and radial tracking need
to be considered. Specifications are given for each servo
controller, and are determined by the maximum vibration
error and maximum acceleration. The specifications for
CD, DVD, and Blu-ray differ because they allow different
readout/recording conditions.

In designing a servo system, time-domain and frequency-
domain specifications are needed. The time-domain speci-
fications denote seek and settle times, while the frequency-
domain specifications represent the steady-state response
of the servo system. The frequency-domain specifications
include disturbance attenuation properties at certain fre-
quencies, which can be depicted in a sensitivity curve
plot. Given values of the maximum error and acceleration,
one can compute conditions in the sensitivity curve plot.
However, it is typical to specify open-loop gain conditions
to meet such sensitivity curve requirements, which is much
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Fig. 3. The principle of focusing.

easier to plot. A requirement for the open-loop gain that
meets the sensitivity curve specifications with some mar-
gins can be found. Such open-loop gain specifications are
given for each servo.

For example, in order to specify the servo system for axial
and radial tracking in DVD specifications (DVD [2003]),
the following function of G(s) in (3) is used:

) 1 Wo 1+‘Zd—w X C
G(jw) = E(j_w>2 x Hiojw (3)

where w = 27f and w, = 27f,, and f, is the crossover
frequency of the open-loop transfer function. The constant
¢ provides the crossover frequencies of the lead-lag network
of the servo, the leadbreak frequency f; = f,/c, and the
lag frequency fo = f, x c¢. The constant c is set around
3. It specifies the nominal values of the open-loop transfer
function G(s) of the reference servo(s) in the pertinent
frequency ranges (e.g., 100 Hz to 10 kHz for DVD). Using
the steady state output for a given sinusoidal input u =
dsinwt (which shows i = —dw?sinwt = —w?u, a slope
of —40 dB/dec), we find Omax = cw?amax Where Gmax
is the maximum vibration error, amax is the maximum
acceleration, and c is the gain of the stable controlled loop.
Given that amax and dpmax = 0 dB, a crossover frequency
fo can thus be obtained from

O f =y = g Dmax (4)

Camax

at which the sensitivity curve should be below &pax-
Additional sensitivity requirements at corresponding fre-
quencies can be similarly determined. In the case of the
DVD axial tracking, aumax shall be 1.5 times the expected
maximum axial acceleration of 14 m/ 52, and dpax shall
not exceed £0.08 pm. Assuming ¢ = 3, the sensitivity
curve should be below 0.08 um at the crossover frequency
fo = 4.5 kHz. The condition —40 dB/dec should be
satisfied at frequencies below f, up to 100 Hz. For the
radial tracking, the condition |[dmax| < 0.014 pm and
|tmax| = 1.5 x 3.0 m/s? requires a sensitivity value less
than 0.014 pym at f, = 4.9 kHz. Specifications for focusing
are similarly determined.

3.2 Focus Error Detection

Fig. 3 shows the basic principle related to the formation
of a focused beam spot on the reflective layer on a disc.
Once an objective lens is located at a focal length from
the reflective layer, the beam spot can be generated within
a focal depth range with a certain diameter due to the
spherical aberration of the objective lens. The numerical
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Table 1. Comparison of optical parameters

Parameters CD DVD Blu-Ray (BD)
A 780nm 650nm 405nm
NA 0.45-0.5 0.6—0.65 0.85
D 1.56-1.73pm | 1.00-1.08pm 0.476 um
H 3.12-3.85um | 1.54-1.81pum 0.561pum

aperture (NA) of an objective lens is defined by NA =
nsin @, where n is the refraction index. Then, observe that

A A

DiNA’ HiNA2 (5)
where A is the laser wavelength, and D and H are the
diameter of a beam spot and the focal depth, respectively.
Table 1 summarizes the optical parameters for each of the
different media. Fig. 4 illustrates key properties of CD,
DVD, HD DVD, and Blu-ray recording, and Fig. 5 shows
a comparison of pit shapes.

CD DVD HD DVD BD
4T m A7 £

1% generation 2" generation 3" generation 3" generation

Audio SD video HD video HD video
0.7 GB 4.7/8.5 GB 15/20/30 GB 25/50 GB
1X: 1.2 Mb/s 1X: 11 Mb/s 1X: 36 Mb/s 1X: 36 Mb/s
A=780 nm A=650 nm A=405 nm A=405 nm

Fig. 4. Key properties of CD, DVD, HD DVD and Blu-
ray recording (source: Philips) (Sarid and Schechtman

[2007]).
) [T
CD-R, CD-RW

CD(-ROM), DVD

DVD-RAM

Fig. 5. Pit shape comparison.

Also, we refer to Milster [2005] for further discussions.
Note that the focal depth is less than a few micrometers,
and the accuracy of the focus servo should be much smaller
than that. Hence, accurate detection of the focus error
is critical to achieve stable control performance. Several
methods of focus error detection have been described
in the literature (see e.g. Pohlmann [1992], Stan [1998],
Chaghajerdi [2008], Kinnstatter et al. [1990], Nakai et al.
[2006], and many others). In this paper we introduce the
astigmatic method, which is the most popular method in
practice thanks to its simplicity and accuracy.

Fig. 6 shows a typical example of focus error and HF signal
generation using the sub-signals of a main photo-detector.
The photo-detector is composed of 4 sub-components: A-
channel, B-channel, C-channel and D-channel. When the
objective lens is far from a disc, the beam spot shape
becomes an ellipsoid oriented through B-D channels, and
its size decreases. On the other hand, the beam spot is
oriented through A-C channels when the objective lens is
close to the disc. If the objective lens is located exactly at
the focal length from the disc, then the beam spot is evenly
distributed over the four channels. In this instance, note
that the sum of the channel signals becomes the maximum.
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Considering that each of the sub-channels may have dif-
ferent sensitivity, the signals should be calibrated appro-
priately with some gains. Let us define an HF signal:

HF =k, -A+ky B+ke-C+kq-D (6)

where k; (i = a,b,c,d) are the calibration coefficients
that should be determined during the initial calibration
processes. A, B,C, D are the levels of signals from each
channel. From Fig. 6, observe that the focus error is
detected linearly within a certain range. The linear range
can be determined by measuring the HF signal. Note that
the linear range of the focus error is guaranteed only when
the HF signal is greater than a threshold value. Based on
these characteristics, one may define the focus error as
follows: when HF' > H Fipres,

FE =k {ke - A+ke-C—(ky-B+kq-D)}  (7)

where ki is a calibration coefficient and HFip,es 1S a
threshold value. The focus error was calculated using
analog amplifiers until the beginning of the year 2000.
However, fast AD conversion techniques are now available,
so the calibration of channel signals and the computa-
tion of focus error are conducted by DSP signal process-
ing (Okamoto et al. [2003]).

As the object lens moves up and down, the FE is expected
to have S-curve behavior around the focal length, as shown
in Fig. 6. The error is linear with respect to distance within
a range of a few microns (e.g., about 10 um for CD).
Beyond this point, the reflected signal becomes diffuse and
the FE signal goes back to zero (Pohlmann [1992], Stan
[1998]). When a disc is first inserted, the servo system
does not have information about the distance of the focal
length and the number of data layers on the disc. By
sweeping through all focus values and examining zero
crossing points, the number of layers and their focus points
can be determined (Hwang [2000]).

Focus error

A

Linear area for
HF actual focus error
A

I

Threshold for deciding
focusing state

>
»

Objective lens ‘ ‘
' Toward a disc

A/'BALB\AAB

Beam spots in 4 quadrants of a photo-detector

Fig. 6. Focus error detection based on an astigmatic
method.
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Fig. 7. Track error detection by (a) the 3 beam method
and the (b) differential push-pull method.

3.8 Track Error Detection

There have been several methodologies for track error
detection for different disc media (Chaghajerdi [2008],
Peng et al. [1998], DeVore [1986]). In this paper we
introduce major methods in practice - the & beam method,
the differential push-pull method, and the differential
phase-detection method. The 3 beam method has been
developed for a CD-ROM, or more strictly speaking, CDs
with data pits (or marks). The method cannot be used
for unrecorded CDs. Hence, the 3 beam method is only
applicable to CD-players for audio playback or CD-ROM
drives without a recording function. In a CD OPU, the
laser can be split into 3 beams through a refraction
grate plate as shown in Fig. 7(a). The reflected beam
from the main beam generates the channel signals by
a photo-detector (as illustrated in Section 3.2). At the
same time, two sub-beams produce E- and F-channels
in a photo-detector. Since they are separated from the
track center by the distance of a quarter of a track pitch
(i.e., 1.6 pm/4=0.4 pm), the two beams are reflected with
different intensities due to the existing data pits when
the center of the beams deviate from the track center.
Therefore, the track error can be defined as

TE =ky(ke - E—ky - F) (8)

where k; (i = 2,e, f) are the calibration coefficients. Note
that the 3-beam method is only available when there are
data pits on a data track.

The differential push-pull method was devised for CD
media with the land-groove architecture, such as CD-
Recordable (CD-R) or CD-Rewritable (CD-RW) discs. As
shown in Fig. 7(b), the sub-beams are located at a distance
of half of the track pitch (i.e., 1.6 pm/2 = 0.8 pm). The
height gap between the land and groove and the inclination
of the land-groove connecting area result in a difference
correlated to the track deviation in a main beam push-
pull signal,

PP:kaA+de—(ka+ch) (9)
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Fig. 8. Track error detection by a differential phase detec-
tion method (ECM [2001]).

However, this push-pull signal is highly sensitive, partic-
ularly to the disc inclination (sometimes called disc-tilt).
Hence, the push-pull signal generally cannot be used alone
to detect a track error. An attractive remedy for this
matter is to use four additional channel signals obtained
from two sub beams. That is, the side beam push-pull
signal,

SPP=k.-E+k; - F—(ky-G+kp-H) (10)
may contain the offset component, which makes the main
beam push-pull signal equally sensitive. Thus, one may

define a differential push-pull signal as follows:

TE = PP — kgp, - SPP (11)

where kgp) is a calibration coefficient.

The differential push-pull method is highly robust to the
disc-tilt. Also, note that the differential push-pull method
is best suited for CD-R or CD-RW media. Hence, in a
CD-RW drive (which allows a CD recording function), the
reading capability for the CD recorded media is generally
satisfactory. However, even for a CD-ROM, which lacks a
land-groove structure, the differential push-pull method
should be used so that the reading capability is not
degraded compared with the 3 beam detection method.

Differential phase detection (DPD) is a track error de-
tection method devised for DVD-playback. The differ-
ential push-pull method can be extended for use with
DVD-Recordable (or -Rewritable) media with the land-
groove structure. However, a DVD-ROM (without the
land-groove structure) needs a different track error gen-
eration method. To resolve this, the DPD uses 4 main
channel signals (i.e., A~D channels) to detect the phase
difference (Peng et al. [1998], ECM [2001], Shiraishi et al.
[2007]). Fig. 8 shows the standard block diagram used
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to compute the DPD error signal. In case of DVD 1X
playback, the equalization is given by

1+1.6x1077s

H(s) = — 07,

(12)

which should be adjusted accordingly for other playback
speeds. Although DPP with three spots is known to
effectively eliminate the offset of tracking error caused by
the objective lens shift or the radial skew of the disc, it
is impossible to align three spots on the track boundary
for different track pitches of a multi-type DVD, so phase-
shift DPP (PS-DPP) is used for precise alignment of
the three spots on the track (Koide et al. [2002]). The
cross-coupling between focus and tracking servo systems
is also important. The optical model of a CD player
was investigated in Odgaard et al. [2003b]. The general
principle of the three beam focus and radial detection
system was introduced with a nonlinear static model of
the relationship between the detector signals as outputs
and focus tracking error as inputs.

4. CONTROL ISSUES AND METHODS
4.1 Focus Servo

A focus servo is a feedback control loop designed to keep
the objective lens in a focal length with respect to the
disc surface (more strictly, the reflective layer with data
pits). As long as the variation in the gap between the
lens and the reflective layer is much less than the focal
depth, the focus servo is stable. The focus servo is the first
feedback control loop established among several feedback
loops in an optical data storage device. Hence, achieving
reliable focus control is a key factor for data reading (or
recording) performance (Lim and Jung [1999], Yang et al.
[1998], Yockyama et al. [1994], Odgaard et al. [2004]).

One of the major difficulties of focus control comes from
the vertical deviation of a disc from the objective lens
of a pickup. In practice, there could be two reasons for
this vertical deviation: i) the disc itself is warped due to
inaccurate manufacturing of the disc substrate; and ii)
inaccurate assembly of the spindle-turn table that holds
the disc. As shown in Fig. 9, the disc can be maximally
deviated from the objective lens at the outermost location,
and the deviation is synchronized with the rotational
frequency. In general, the amount of vertical deviation of
a disc should be less than 4+1 mm, which implies that
the pickup should be designed to allow a working distance
of £1 mm. Moreover, the gain of the focus controller
Cfes(s) in the low frequency band covering the rotational
frequencies should be increased appropriately to suppress
the effect of vertical deviation as follows:

1
c cs jw 2 ]
| f (.7 )| chs(]w>K0ptf555allO’w

(13)

at w < wrot, where Gyes(-) and Koptyes are the focus
system (plant) and the optical gain, respectively. dqi1ow 18
the allowable amount of vertical position error given by
the specification, and w,.; is the rotational frequency of
the disc.

Some CD/DVD players are used in automobiles. For auto-
motive use, environmental conditions such as the working
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Fig. 9. Vertical deviation of a disc (top) and a focusing
control loop (bottom).

temperature range of —40 °C to 85 °C and the ground
vibration over 1.5 g (i.e., 1 g=9.81 m/s?) should be con-
sidered for focus control design. The wide temperature
variation causes non-negligible system parameter uncer-
tainties, particularly in the stiffness of a spring supporting
the objective lens. Also, severe vibrational disturbance
weakens the focus control performance (Yockyama et al.
[1994]). Hence, the bandwidth and gain of the focus servo
should be determined with respect to target applications.

4.2 Track Servo

Once the focus control is stably achieved and the disc is
rotating with an appropriate angular speed, the track servo
is needed to read the data from a spiral track (Filardi
et al. [2002], Chaghajerdi [2008]). To accomplish the track
following operation in an optical data storage system, the
pull-in task and the steady track following task should
be performed reliably (Kim [2003, 2005]). As shown in
Fig. 10(left), the eccentricity is defined by the mismatch of
a rotational center with respect to the geometrical center
of the data tracks. The main sources of the eccentricity are
inaccurate formation of tracks on a disc and inaccurate
disc clamping. In the case of CD-ROM discs, an eccen-
tricity of 210 pm may be the allowable limit that can be
coped with by a track servo. Under a certain amount of
eccentricity, rotating a disc results in a relative trajectory
of the beam spot (emitted from an objective lens) on a
disc, as shown in Fig. 10(left). As a beam spot crosses data
tracks, the sinusoidal track error is generated as shown in
Fig. 11(left). However, note that the speed of a beam spot
with respect to data tracks varies, and is calculated by the
radial velocity such that

Urad = 6Wa"otvvk (14)
where Wy, = /(2—k/N)-k/N, (k = 0,---,2N), is a
geometric weighting factor (Kim [2005]), as shown in Fig.
10(left). Given an integer number N = fiz(e/Tp) for an
eccentricity € and the track pitch T'p, the beam spot crosses
2N tracks during a half cycle of a rotation. The index of
k=0 denotes the Cy location of the beam spot on a disc in
Fig. 10(left). As a result, during a half cycle of a rotation,
the typical shape of track error can be observed as shown
in Fig. 11(right). Note that the track error appears dense
as Vpqq increases.
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Fig. 11. Track error (TE) signal (left) and a typical TE in
the free-running state (slightly modified from (Kim
[2005])) (right).

To follow a data track, the track servo or track controller
should be turned on at the moment a data track is crossed,
which is denoted by Cy. As shown in Fig. 10(right), the
track controller should be able to suppress the radial
velocity vrqq, and stably pull in the beam spot onto the
data track. After the pull-in phase, the track servo should
sustain the track following operation. At this point, two
conflicting requirements for the track servo arise: i) fast
settling against the initial velocity (i.e., v,.qq) for a reliable
pull-in operation, and ii) robust track following capability
against the corrupted track error (due to scratches or
black-dots). The radial velocity is proportional to the ec-
centricity, the rotational speed, and the geometric position
of the beam spot, which are the major factors considered
to improve the pull-in capability. In general, to enhance
the pull-in capability, the track servo may impose high
damping requiring the phase-lead action (or simply the
derivative control). On the contrary, the steady track
following needs to be robust against faults in track error
detection, which implies the averaging action rather than
the derivative action. Therefore, in many applications the
track servo employs two or several sets of control param-
eters in order to cope with the pull-in and steady track-
following operations.

The eccentricity also affects the track following perfor-
mance, particularly at high rotational speeds. Note that
the tracking servo in an optical data storage system is
formulated by an unknown reference tracking problem,
and the unknown reference fluctuates with the amount
of eccentricity synchronized with the rotational frequency.
Thus, the unknown reference can be treated as an un-
known disturbance, which may be handled by increasing
the low-frequency gain of a track controller. In general,
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a lead-lag compensator is adopted, and its gain at the
low-frequency band (including the rotational frequency)
is boosted to suppress the disturbance of eccentricity. Note
that Filardi et al. [2002] does introduce a simplified lead-
lag compensator derived from a PID control structure,
which may have been commercialized in an LSI. Also,
a notch filter may be effectively adopted (Bittanti et al.
[2002]). Tt is necessary that at w < wyet,

1
Curr(jw)| > - 5
| ! k(jW) - Gtrk(jw)KopttrkétTk

allow

(15)

where Cyri (), Giri(+) and Koptyi, are the track controller,
the track system (plant), and the optical gain of the track
error, respectively. Also, the allowable amount of track
position error 5Z§fow should be defined by the specification.
However, boosting the low-frequency gain of the controller
may weaken the phase-lead property around the cutoff
frequency, and thus degrade the dampening property. To
avoid this difficulty in designing a nominal track servo, sev-
eral approaches have been proposed based on the distur-
bance observers (Kim [2002, 2003], Kim and Hong [2002],
Shim et al. [2003, 2004]), the repetitive control (Doh et al.
[2006], Steinbuch et al. [2007], Doh et al. [2002], Dong
et al. [2003]) or a nonlinear control (Heertjes and Sperling
[2003]).

In addition to generic issues such as the eccentricity, black-
dots, or scratches on a disc, the robustness of the track
(or focus) servo is one of the major issues. With a single
set of control parameters, a large number of optical data
storage devices (sometimes over a million sets) should be
manufactured. Also, all of them can be operated at differ-
ent temperatures and with various discs. Academic efforts
have been made to achieve robustness against the system
parameter variations (see e.g. Vidal et al. [2003]). However,
automatic feedback loop gain adjustment methods have
been widely adopted in practice (Kim and Rew [2007]).

4.8 Seeking Operation

Track seeking is a sequence of tasks that are carried out to
find a specific sector of a target address. That is, given a
target sector address, the following tasks are completed: i)
calculate the number of tracks to move (by considering
the current and target sector addresses and the track
pitch (Stan et al. [1998])); ii) turn off the track servo and
move the pickup head unit (counsisting of a sledge motor
and a tracking actuator) as much; iii) restore the track
servo and check the sector address at the new location; and
iv) repeat steps i)~iii) until the target sector is reached.
In practice, there are several critical issues related to the
control during these operations.

First, considering that the track pitches of CDs and DVDs
are 1.6 um and 0.74 pm, respectively, the accuracy of
sledge movement can be of concern in the case of a long
jump operation, which is required for a long distance
movement. To move a sledge holding an optical pickup,
either a stepper motor or a DC motor have been adopted.
The jumping accuracy can be remarkably increased with
the micro-stepping technique of a stepper motor, while the
motor is more expensive than a DC motor. In the case of a
DC motor-based sledge, the calibration of friction is crucial
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to enhance the jumping accuracy (Han et al. [2000], Hsu
and Fu [2004], Helwegen [2005]).

Second, sledge movement affects the focal stability and
the seek time of the objective lens. Since the objective
lens is supported by a spring fixed at the pickup base on
the sledge, the sledge movement causes vibration during
(and after) the movement. Due to the induced vibration of
the objective lens, the focusing control becomes unstable.
Also, the residual vibration after the movement prohibits
fast restoration of the track servo, which extends the seek
time. The so-called center error control is an effective
method (Kim and Hong [2001]) to avoid this induced
vibration. Typically, the track servo is de-activated during
a long jump. However, with the center error control
method, the track servo controller is used to stabilize
the vibrant objective lens. An effective alternative is to
generate a motion profile instead of employing the active
feedback control. The input shaping technique can also
be adopted to suppress the vibration of the objective lens
(Kim and Rew [2010]).

Third, the track servo instability after jumping less than
several hundreds of tracks (short jump) can be a major
issue. For a short jump, the objective lens should be
pushed away while the number of tracks to move is
counted. The jumping speed should be controlled in order
to meet a speed profile (Akiyama and Ishikawa [1993],
Ryoo et al. [1999]), with the speed measurement taken
by counting the time period of a sinusoidal track error;
Fig. 11(left) shows a typical track error. Thanks to this
control, the speed of the objective lens at the final stage is
slow enough that the pull-in performance of the track servo
becomes stable. However, the speed control is often poor
because of faults (e.g., scratches) in the detected track
error and the eccentricity. Therefore, the pull-in capability
of the track servo is the most important factor to avoid
serious track slips for seeking operations in general, and it
has not been addressed adequately in the literature to our
knowledge.

Last, aside from the above issues, several issues such
as focusing failure during a short jump and PLL fail-
ure (or spindle control failure) after a long jump may
arise. Rewritable (or recordable) optical discs involve land-
groove structures. During the short jump, these land-
grooves cause a sinusoidal error in the astigmatic detection
of focus error synchronized with the jump speed. This
detection error may lead to a failure of focusing control
during the jump, which has not been reported in literature,
but occurs frequently in practice. The PLL failure may be
caused by the spindle speed error, particularly after a long
jump under a constant linear velocity (CLV). The constant
angular velocity (CAV) mode has been developed for fast
data access.

4.4 Robust Control

This subsection introduces robust control methods applied
to ODSSs. ODSS has various disturbances due to disk
imbalance, eccentricity, windage, external shock, and res-
onances caused by the actuator itself. These disturbances
contain significant periodic components that appear at a
known fundamental frequency corresponding to the disk
rotational velocity and higher harmonics. Disturbance ob-
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servers (DOB), repetitive control, and iterative learning
control (ILC) have been successfully applied to ODDs to
reject periodic disturbances or disturbances at low fre-
quency ranges.

Disturbance Observers DOB is used to enhance system

performance by observing and eliminating undesirable dis-
turbances in the low-frequency range. Since it was reported
that DOB is effective at rejecting these disturbances in
ODD systems (Fujiyama et al. [1998]), various types of
DOBs have been applied to ODDs. Doubly coprime fac-
torization and Youla-parameterization are used together
to design robust DOBs in the presence of plant input
multiplicative uncertainties (Ohishi et al. [1996]). Im-
proved performance of a tracking servo system is achieved
in Arai et al. [2000] by using a feedback controller and a
feedforward controller, which employs a zero-phase error
tracking (ZPET) method (Tomizuka [1987]). The feedback
controller was designed based on coprime factorization to
guarantee robust stability against multiplicative pertur-
bation (Zhou and Doyle [1998]). Since only the track-
ing error signal is available in optical drive systems, a
modified estimation method is used and performance is
improved (Ohishi et al. [2001]). In Ohishi et al. [2006], this
idea is applied to an optical disk recording system based on
the prediction of tracking error. There is another approach
to guidelines for the design of DOB with respect to plant
modeling uncertainty (Ryoo et al. [2004]). In the paper, a
graphical design guideline for frequency response analysis
is used. In DOB, the disturbance rejection performance
depends on the order of the Q filter and its coefficients.
Its robustness also depends on the relative degree and
denominator order of the Q filter (Choi et al. [2003]).
Additional loops enhance the perturbation attenuation
of disturbances, but the robust stability margin on the
modeling error becomes stricter (Kwon and Chung [2002]).
Recently it was demonstrated that multi-loop DOB im-
proves the sensitivity function at low frequencies without
increasing the peak of the sensitivity function (Lee and
Chung [2009]),

Tracking control performance can be addressed in terms of
pull-in capability and steady track-following ability using
an add-on compensator in the form of DOB designed in
state-space (Kim and Hong [2002], Kim [2005]). The add-
on compensator enhances the tracking performance by
suppressing the eccentric disturbance. The compensator
can boost open-loop gain in a low-frequency range without
affecting the closed-loop characteristics. Modifications to
conventional DOBs are also considered to improve the
performance of conventional DOBs at high rotational
frequencies (Ryoo et al. [2003], Koide et al. [2007]).

Repetitive Control  Repetitive control has been shown
to be effective for rejecting repetitive disturbance (Hara
et al. [1988]). Repetitive controllers employ the internal
model principle (Francis and Wonham [1976]), and consist
of a periodic signal generator that enables perfect (asymp-
totic) rejection of periodic disturbances. The advantages
and disadvantages of repetitive control are summarized
in Kempf et al. [1993] based on four different algorithms
used for cancellation of periodic disturbance. A tutorial
for iterative learning control and repetitive control for
compensation of repeatable runouts (RROs) was recently
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introduced in the hard disk drive industry (Chen et al.
[2008]). One of the drawbacks of repetitive control is the
requirement of exact knowledge of the period time of
the external signals. Practical applications require either
a constant period time or an accurate measurement of
the periodicity (Steinbuch [2002]). Another drawback is
due to the Bode sensitivity integral: perfect reduction
at harmonic frequencies is counteracted by amplification
of noise at intermediate frequencies. Various approaches
have been reported to address this problem (Steinbuch
et al. [2007]). Two types of linear digital repetitive control
systems were designed and analyzed to reduce the error
spectrum, including both harmonic and nonharmonic com-
ponents (Chang et al. [1995]). This result was extended
to show that it can be cast into a convex optimization
with application to ODSS (Steinbuch et al. [2007]). Fur-
thermore, by using appropriate weighting functions, the
same problem formulation yielded the results in Steinbuch
[2002]. Although the method (Steinbuch [2002]) requires
an increased number of memories, it is effective for reject-
ing disturbances when the period varies within a narrow
range.

The performance and robustness of repetitive control also
depend on the cutoff frequency of a Q filter included in
the repetitive controller. The bandwidth of the filter needs
to be sufficiently higher than the disturbance frequency.
However, the high bandwidth is undesirable since unmod-
eled dynamics at high frequencies may be excited. For
these reasons, various methods have been introduced for
robust control against model uncertainties. The use of a
graphical design technique based on the frequency domain
analysis of a linear interval system was proposed in Moon
et al. [1998]. In the presence of plant uncertainties, a
sufficient condition for robust stability of the repetitive
control system is derived in the form of linear matrix
inequality (LMI) by using the Lyapunov functional for
time-delay systems (Doh et al. [2006]). In Leyva-Ramos
et al. [2010], a modified repetitive compensator uses notch
filters with feedforward gain.

Tterative Learning Control  The goal of ILC is to generate
a feedforward control that tracks a specific reference or
rejects a repeating disturbance. A feedback controller re-
acts to inputs and disturbances, and therefore always lags
in transient tracking. Feedforward control can eliminate
this lag, but only for known or measurable signals, such as
the reference, and typically not for disturbances. Recently,
a survey of ILC was reported regarding analysis, design,
time, and frequency-domain system representation in a
well summarized form (Bristow et al. [2006]). Iterative
learning control was also successfully applied to ODDs.
In Moon et al. [1996], the convergence of the learning algo-
rithm was proven in the presence of the plant uncertainty,
and the effects of the initial state errors on the tracking
performance was analyzed. Two types of ILC schemes -
previous cycle learning (PCL) and current cycle learning
(CCL) - are used to eliminate RRO disturbance in hard
disk drive (HDD) servomechanisms. The convergence con-
ditions of two learning control schemes have been explored
in detail (Xu et al. [2001]).

Frequency Adaptation  The tracking problem can be
formulated into a regulation problem with unknown dis-
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turbance. Based on a simple disturbance observer that
effectively estimates the low frequency components of dis-
turbance, the feedforward compensation is then added to
the conventional feedback control (Kim and Hong [2002]).
Shim et al. demonstrated that the add-on type of output
regulator can reject sinusoidal disturbance at a known
frequency when applied to the track following problem of
an ODD (Shim et al. [2003, 2004]). The add-on output reg-
ulator preserves the same performance of the predesigned
feedback controller, even in the presence of the parametric
uncertainty of the plant model. This approach is extended
to an adaptive output regulator in order to reject the
sinusoidal disturbance of unknown bias, magnitude, phase,
and frequency (Kim et al. [2010]). The adaptive output
regulator consists of an add-on type output regulator and
the modified adaptive algorithm proposed in Brown and
Zhang [2003]. A novel frequency adaptive control tech-
nique (FACT) was proposed in order to deal with the
RRO cancellation for both CAV and CLV spindle modes
in ODDs (Liu and Yang [2004]). This control method
depends only on the disk position, so it is independent
of the playing speed of the disks. The FACT controller
is equivalent to a linear time-invariant controller, and the
upper bound of adaptation gain is determined according
to system dynamics for the attenuation of periodic dis-
turbances. Its convergence property is shown through the
Lyapunov function approach (Liu and Yang [2005]).

Fault Detection and Shock Disturbance In addition to
periodic disturbances, non-periodic disturbances exist,
which are divided into surface defects and external shocks.
Surface defects include scratches, fingerprints, and dust
that exist on the disk surface. Surface defects distort
tracking error signals reflected by the disk surface, and
cause it to obtain false information and deteriorate the
track-following performance. The robust controllers in-
troduced in the previous subsections have shown good
performance during periodic disturbances caused by eccen-
tricity, but have been unable to effectively eliminate non-
periodic disturbances such as surface defects and external
shock (Miyazaki et al. [2004], Zhou et al. [2004]).

A comprehensive study on the surface defects of compact
disks is reported in Vidal et al. [2001a]. A different ap-
proach to disc defect classification based on hierarchical
clustering of measured signals that are affected by disc
defects was recently addressed in van Helvoirt et al. [2005].
Fault detection and accommodation with an observer and
a linear quadratic regulator (LQR) was shown to enhance
playability (Vidal et al. [2001b]). Tracking errors due to
surface defects are false errors that should not be fol-
lowed. Therefore, lowering the closed-loop bandwidth of
the system so that the optical pickup does not follow
false errors has been studied (Odgaard et al. [2004]).
Moreover, studies have been conducted using estimators
to obtain accurate tracking error information when the
optical pickup passes surface defects (Vidal et al. [2001b],
Odgaard et al. [2003a]). Increasing the loop gain commonly
improves system performance with regard to shock, but
deteriorates performance with regard to disk defects. Thus,
the conventional trade-off between disturbance rejection
and measurement noise sensitivity is needed. In Heertjes
and Sperling [2003], disturbance rejection is improved by
using a nonlinear dynamic filter, which is an additional
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gain to the feedback controller, and the small gain theorem
is used to guarantee absolute stability. Performance is also
quantified using a measure derived from the linear sensi-
tivity functions (Heertjes and Steinbuch [2004]). Heertjes
and Steinbuch [2004] considers nonlinear performance in
terms of time-domain responses. This result is extended
in Heertjes et al. [2006], in which an experimental perfor-
mance analysis based on frequency-domain measurements
is conducted. A combined describing function and swept-
sine measurement approach was shown to offer a tool
that is both efficient and sufficiently accurate for studying
global qualitative nonlinear behavior. The approach not
only efficiently reveals both the amplitude and frequency
dependency under different levels of shocks and vibrations,
but also provides measured amplitude and phase charac-
teristics. Switching control using an observer is known to
be effective in tracking following in the presence of disk
scratches or heavy finger prints (Heertjes and Leenknegt
[2010]). Addressing non-stationarity of disturbances in the
control design significantly improves servo performance.
The observer is based on a linear time-invariant part and
a nonlinear part consisting of a dead-zone based switching
gain.

Mechanical shock is another type of disturbance. A simple
additional current measurement providing positive feed-
back effectively eliminates disturbance, and thus attenu-
ates high frequency disturbance (Stoustrup et al. [2000]).
Unlike surface defects, tracking errors formed by shock
should be eliminated. Therefore, the closed-loop band-
width of the system should be increased so that the opti-
cal pickup eliminates the errors caused by disturbances.
However, when the closed-loop bandwidth is increased,
shock immunity is increased, but the optical pickup fol-
lows surface defects. Consequently, a controller design
that considers only closed-loop bandwidth is inadequate.
There have been various studies that have aimed to design
robust control over shocks. Zhou et al. [2002] presents a
robust servo control system using observer-based sliding
mode control to handle shock. Also, in Miyazaki et al.
[2004], a feedback controller using coprime factorization
and a feed-forward controller using ZPET were employed
together to eliminate periodic disturbances. Although the
systems in these studies (Zhou et al. [2002], Miyazaki
et al. [2004]) enhance anti-shock performance, the control
structures are complicated. In a recent study of anti-shock
controllers (Zhou et al. [2004]), a nonlinear anti-shock
controller with a simple control structure (a dead zone
in this case) was developed. The dead zone was simply
added parallel to the original linear servo control loop in
order to improve the anti-shock performance by virtually
boosting low-frequency gain. A dead-zone with saturation
improves the stability margin without degrading tracking
performance (Baek et al. [2006]). Application to automo-
tive systems can be found in Yockyama et al. [1994], where
acceleration disturbance suppression control in the focus
actuator was implemented using a disturbance observer
providing a wide range of detection.

Other Methods In conventional ODSSs, the range of fine
seeking is limited in order to avoid the risk of misalignment
between an objective lens and a laser beam axis, which
causes the access time to increase enormously. In Ryoo
et al. [1999], a new fine seek algorithm extends the appli-
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cable range of fine seeking without maneuvering a sledge
actuator. A seek control system can be designed such that
its performance is guaranteed for a set of plants with
parameter perturbations. The performance of the seek
control system was formulated in linear fractional transfor-
mation (LFT) and improved, and robust performance was
confirmed by experiments using a 24 x CD-ROM drive (Jin
et al. [1998]).

5. FUTURE TREND IN OPTICAL DATA STORAGE:
NEAR-FIELD RECORDING SYSTEMS

As long as we maintain the structure of the conventional
optical disc system, which has a laser with optics and
a rotating medium, the fundamental means of achieving
large storage capacities is to increase the data density
recorded on the medium. However, the data density of an
optical recording medium depends on the focused laser
beam spot size. The beam spot size can be reduced by
using a shorter wavelength laser or a larger NA objective
lens (Table 1). The optical far-field technology cannot
present more than 20 to 30 GB in a 12 c¢m disc. In the
case of CD media, we have a 780 nm laser and 0.45
NA (0.7 GB). For DVD media, we have 650 nm and 0.6
NA (4.7 GB), and for Blu-Ray media we have a blue
405 nm laser and 0.85 NA (25 GB). However, several
new approaches to further increase the recording density
based on far-field optics, such as magnetic super-resolution
(MSR) and optical super-resolution (OSR) technologies,
cannot achieve more than 100 GB (see e.g. Milster [2000],
Tominaga and Nakano [2005]).

Beyond optical diffraction limit In the case that a fo-
cused laser beam is used for high-precision readout of
recorded pits in an optical disc system, the real cut-off
frequency is determined by the spatial cut-off frequency
(2NA/)) x the disc rotation speed. If we apply a much
higher frequency to the disc readout and recording, no
readout signal is observed. This is called the optical diffrac-
tion limit. The diffraction limit thus determines the data
storage capacity of the disc. This is the critical issue
in developing super-high-density, next generation optical
data storage systems. Available technologies so far depend
on the development of new shorter-wavelength semicon-
ductor lasers and sophisticated lenses. However, such far-
field optics-based approaches have reached theoretical and
technological limits because of the diffraction limit.

Near-field is a prospective technology that provides a
significantly reduced beam spot to overcome the resolution
limit with the help of new technology. The optical near-
field is a special electromagnetic field that presents a
significantly reduced laser beam spot size to overcome the
resolution limit, but cannot propagate over a long distance
(unlike optical far-field waves). In order to overcome the
technical limitations in optical far-field data storage due
to the diffraction limit, near-field optics and its related
application have been proposed for decades (see e.g. Terris
et al. [1996], Ichimura et al. [1997], Milster [2000], Peng
et al. [2005], Tominaga and Nakano [2005]).

Properties of optical near-field recording In optical far-
field recording, the size of the optical spot is proportional
to A/NA where X\ is the wavelength and NA is the
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numerical aperture. The minimum wavelength is 405 nm
with the blue laser, and the maximum NA is 0.85 (in the
case of Blu-ray). The minimum resolution is determined
by A/(2NA) because of the diffraction limit. The Blu-
ray has a resolution of 140 nm, which is considered the
practical limitation of optical far-field recording. On the
other hand, in near-field optical recording, a source and
receiver smaller than the wavelength are introduced, and
the distance to the medium is made shorter than the
wavelength in order to attain a higher resolution beyond
the diffraction limit (see e.g. Milster [2000], Tominaga and
Nakano [2005]). The evanescent wave, which is detectable
in the case of a source smaller than the wavelength, makes
the laser beam spot size smaller than its wavelength.
Near-field optics can thus overcome the limitations of the
focused spot size of a laser beam, which is determined by
the wavelength and lens numerical aperture. In principle,
we can use the optical near-field to read out very small
marks beyond the diffraction limit of the far-field optics.

The optical near-field recording (NFR) terminology refers
to the extremely short distance (called the air gap) be-
tween the read/write head and the disc surface. The
roughly 25 nm gap is directly comparable to the flying
height (distance between the head and the disk surface) in
hard disk drives. The gap is shorter than that of CDs and
DVDs (roughly 1 mm) and even BD (1 mm). Much smaller
marks (<100 nm) are recorded and read out by several
different optical probes, presenting more than 100 GB
in a 12 cm disk. The optical near-field cannot propagate
beyond 100 nm, however, and the intensity decreases ex-
ponentially against the distance. Accordingly, the medium
surface has to ultimately be flat in comparison to the
current removable DVDs or CDs. Flying height control
(also called air gap control) is important. NFR will not be
achieved until this issue is technically addressed.

Practical methods of NFR ~ How can we control the near-
field light in data storage? The development of a high NA
lens system combined with a low-hovering recording head
is challenging. A promising method is the use of a blue
laser to write and read data through a solid immersion
lens (SIL) or solid immersion mirror (SIM) as illustrated
in Fig. 12. The SIL/SIM significantly reduces the spot size
of the focused beam at the bottom of that lens (see e.g.
Mansfield et al. [1993], Ichimura et al. [1997], Peng et al.
[2005], Tominaga and Nakano [2005]).

«— Laser

«—— Laser
Mirror coating

Lens

I

Recordmg surface | «——— Evanescent coupling —> Recording surface
(a) (®)
Fig. 12. Optical near-field recording: (a) SIL and (b) SIM.

Other methods proposed for optical NFR have some prac-
tical limitations. A thin-film technique called Super-RENS
(see e.g. Tominaga et al. [2000]) has a low signal-to-noise
ratio. All NFR systems based on scanning probe micro-
scopes (SPM) (see e.g. Kim et al. [2001]) have common
fatal disadvantages of slow recording speed (10 pm/sec)
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and a limited scanning area (100 x 100 um?). Data transfer
rates of more than 20 Mbit/sec are required to record
and reproduce actual movie pictures in DVD. High data
rates require high speed disk rotation, which causes run
out and thus causes the gap to vary with rotation angle.
After achieving the high NA, the laser head needs to made
to hover accurately at roughly 25 nm above the medium
surface. Earlier development of optical near-field recording
systems used a slider that is found in hard disk drives.
The slider relies on an air-bearing surface with positive
and negative pressure pockets to build up the air pressure
on which the slide floats. This approach was unsuccessful
due to contamination in those pockets.

A new technology involves the introduction of an actuator
and the control of the read/write head position. Trials
by Philips and Sony have shown that actuators are more
robust than sliders, even at extremely short distances.
Ishimoto et al. [2002] introduced a gap servo using a PZT
actuator, which requires a high control voltage and a short
working distance with hysteresis. An optical head with a
biaxial device (i.e., mounting the lens in a conventional
DVD actuator, which is currently used for focusing and
tracking) has been shown to be the most promising; it
requires a low control voltage and has a long working
distance without hysteresis. Moreover, a gap error signal
(GES) can be determined optically without an additional
sensor. In active air gap control there are no pockets in
which contamination can build up. Moreover, the hinges
of an actuator are much more robust than the thin metal
suspension (gimbal) that holds a slider. If a slider hits the
disk, the slider itself usually survives the crash, but the
gimbal generally does not. It has been shown that nothing
happens to the actuator if the lens in the actuator collides
with the disk (Zijp et al. [2005]).

Accordingly, a practical near-field readout system can be
attained with a system similar to the conventional optical
disc, in which a biaxial device is used as an optical head
actuator and the gap error is detected optically. A gap
servo is required to maintain a constant air gap between
the SIL/SIM bottom and the disc surface in a near-field
position where the evanescent wave is detectable. A biaxial
device can be used as an optical head actuator with the gap
error signal detected optically. The air gap servo controls
the air gap from a far-field initial position to a near-field
target position without the head colliding with the disc.

Control issues in NFR  Although the system structure
appears similar to that of conventional optical disc sys-
tems, there is a significant difference in the air gap width.
The final air gap, which is typically 25 nm to 30 nm,
is much smaller that that of conventional optical disc
systems. Moreover, the gap error signal cannot be detected
in the far-field.

Servo technology becomes important as it is required to
maintain the air gap between the head and the medium
to generate the optical near-field, and to accurately track
significantly reduced bits. A much smaller track pitch will
definitely make the control problem more challenging in
the case of optical NFR systems. However, tracking and
seeking control methods will not differ much from that
of the conventional optical far-field recording systems dis-
cussed in Section 4. In the optical NFR, the recording bit
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size becomes 100 nm; therefore, the required positioning
control accuracy is much less than 100 nm, which may
not be attained using the current optical far-field device
control technology.

SIL/SHE_ air gap (~ 25nm)

iaxial runout (~ 25um)

Rotating disc

Fig. 13. Air gap control - disc moves due to its non-flat
shape and clamping.

An air gap controller is used to control an air gap between
the lens and the disc surface, which moves due to its non-
flat shape and clamping (Fig. 13). Mode switching, an
open-loop approach mode and closed-loop air gap control
mode, is widely used in the air gap servo control because
the GES is available only in the near-field distance. The
(open-loop) approach mode brings the lens head from a
remote distance in the far-field to the near-field distance.
The sequence of the approach mode brings the lens subse-
quently closer to the surface. When the lens enters into the
near-field range at one of the approach instants, the air gap
controller is switched to closed-loop mode. When the air
gap controller cannot mitigate the effect of different initial
conditions, it is often useful to introduce a hand-over mode
between the two modes to avoid overshoot, which may
cause the SIL to hit the rotating medium. Although an
overshoot of less than one micron may be a trivial problem
for an optical far-field system, it could cause the optical
head to collide with the disc in a near-field system. The
air gap control becomes even more challenging when disk
warping and eccentricity, which occur during the manufac-
turing process, cause run-out motion of the disk surface.
Surface vibration also occurs due to disk misalignment in
the drive set. In this regard, Sony demonstrated 20 + 1
nm at a 150 rpm (Ishimotoa et al. [2003]), and recently
Philips demonstrated a 20 + 1 nm air gap for a 3500 rpm
polycarbonate disc (Zijp et al. [2005]).

For track seek and tracking, the conventional methods
can be used, though a more challenging servo control
specification is required. Track seek servo is similar to
that of the conventional optical disc systems discussed in
subsection 3.3. During track seek servo, the head should
be set as far as possible (the maximum working distance of
the biaxial device) from the disc to avoid collision between
the SIL head and the disk. The power reflected at far-field
before operation of the air gap servo is constant, which
may make the track seek servo design more difficult. The
aforementioned issues also exist in the track seek servo of
conventional optical disc systems to a greater extent.

The gap servo system provides an open-loop control signal
to the head actuator in order to make the head approach
the disc (see e.g. Ishimoto et al. [2003], Zijp et al. [2005],
Kim et al. [2007, 2008b]), possibly along a certain profile
to reduce pull-in time while avoiding overshoot. An air gap
error signal is generated to detect the distance between the
SIL and the disc surface. However, the air gap error signal
is available only in a near-field region of approximately
50 nm. Due to the late appearance of the air gap error
signal and in consideration of the problem of overshoot,
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introducing an appropriate open-loop control signal is de-
sirable to avoid the problem of overshoot and reduce pull-
in time. A pull-in procedure that ensures smooth air gap
servo start-up without lens-disc collision is necessary (Lee
et al. [2005]). A DOB was used to reduce the overshoot
at the switching point between open-loop and closed-loop
modes (Kim et al. [2008a]).

Status of NFR  Some companies have been active in near-
field studies for many years. Sony demonstrated a SIL-
based optical NFR system using blue lasers and a NA
of SIL at 1.84 with a gap of 20 nm (Ishimotoa et al.
[2003]). They also revealed recording densities of 80.6
Gbits/square inch and one-layer capacities of about 112
GB. Philips recently developed a SIL-based optical NFR
system for high density recording under the near-field
recording concept using a blue laser beam focused by a
pair of special lenses that offer a NA of 1.5. They revealed
recording capacities of 150 GB or more on two layers (Zijp
et al. [2005]). By raising the numerical aperture to 1.61,
a single layer can accommodate 125 GB on a 120 mm
diameter disc, and as many as four layers can be used to
create a single disc capacity of 500 GB. Samsung and LG
are also developing optical NFR systems based on SIM
and SIL, respectively.

6. CONCLUSIONS

In this paper we have examined the control issues of ODDS
from system and control engineering points of view. We
have described the basic architecture of servo systems,
including actuation, sensing, and control in optical storage.
In addition, we discussed key servo loops, including focus
and track servo, seek operation, and robust control against
periodic and non-periodic disturbances. The speed and
quality of the read and write processes depend on how
well these servo systems perform. After the successful
introductions of CD and DVD media to the data storage
market, advances in optical storage technology have also
succeeded in commercializing Blue-ray disc players using
blue lasers, the smaller wavelengths of which enable the
detection of smaller pits and the use of smaller track
pitch, thereby increasing the capacity of optical drives.
The new needs of the market in consumer products such
as high-definition content (e.g., 3D HDTV) increases the
likelihood that high density optical storage will become
more prevalent in the near future.

ACKNOWLEDGEMENT

The authors would like to thank Dr. Giovanni Cherubini,
of the IBM Zurich Research Laboratory, who encouraged
author C. C. Chung to prepare this manuscript. The last
author, Chung would like to express his deep appreciation
for the materials supplied by Prof. Y.-P. Park and K.-S.
Park of Yonsei University. He also appreciates Mr. H. J.
Kang’s help in preparing the final manuscript.

REFERENCES

Standard ECMA-267: 120 mm DVD - Read-Only Disk, 3rd Ed.,
2001. Annex C, ECMA Technical Committee TC31.

DVD Specifications for High Density Read-Only Disc: Part I Phys-
ical Specifications, 2003. DVD Format/Logo Licensing Corpora-
tion, Japan.

866

M. Akiyama and J. Ishikawa. Repetitive track seeking algorithm for
optical disk drives. Japanese Journal of Applied Physics, 32(11B):
5392-5396, Nov. 1993.

T. H. M. Akkermans. Digital control in optical disc drives. In Proc.
International Conference on Consumer Electronics, pages 246—
247, 2001.

K. Arai, H. Okumura, H. Tokumaru, and K. Ohishi. Improvement of
performance of a tracking servo system for an optical disk drive.
Japanese Journal of Applied Physics, 39(2B):855-861, Feb. 2000.

J. S. Baek, C. C. Chung, and M. Tomizuka. Anti-shock controller
design for optical disk drive systems with a nonlinear controller.
In Proc. American Control Conference, pages 15-18, 2006.

S. Bittanti, F. Dell’Orto, A. Di Carlo, and S. M. Savaresi. Notch
filtering and multirate control for radial tracking in high-speed
DVD-players. IEEE Trans. Consumer Electronics, 48(1):56-62,
2002.

D.A. Bristow, M. Tharayil, and A.G. Alleyne. A survey of iterative
learning control. Control Systems Magazine, IEEE, 26(3):96-114,
2006.

L. J. Brown and Q. Zhang. Identification of periodic signals with
uncertain frequency. IEEE Trans. on Signal Processing,, 51(6):
1538-1545, 2003.

A. H. Chaghajerdi. Sensing and control in optical drives.
Control Systems Magazine, 28(3):23-29, June 2008.

W. S. Chang, I. H. Suh, and T. W. Kim. Analysis and design of
two types of digital repetitive control systems. Automatica, 31(5):
741-746, 1995.

Y. Q. Chen, K. L. Moore, J. Yu, and T. Zhang. Iterative learning
control and repetitive control in hard disk drive industry-A
tutorial. International Journal of Adaptive Control and Signal
Processing, 22(4):325-343, 2008.

S. B. Choi, H. K. Kim, S. C. Lim, and Y. P. Park. Position tracking
control of an optical pick-up device using piezoceramic actuator.
Mechatronics, 11(6):691-705, September 2001.

Y. Choi, K. Yang, W. K. Chung, H. R. Kim, and I. H. Suh. On the
robustness and performance of disturbance observers for second-
order systems. IEEE Trans. Automatic Control, 48(2):315-320,
2003.

S. L. DeVore. Radial error signal simulation for optical disk drivers.
Applied Optics, 25:4001-4006, 1986.

T. Y. Doh, J. R. Ryoo, and M. J. Chung. Repetitive controller
design for track-following servo system of an optical disk drive.
In Proc. International Workshop on Advanced Motion Control,
pages 176-181, 2002.

T. Y. Doh, J. R. Ryoo, and M. J. Chung. Design of a repetitive
controller: an application to the track-following servo system of
optical disk drives. IEE Proc. Control Theory Applications, 153
(3):323-330, 2006.

F. Dong, Y. Wang, and J. Zhou. Track following control design
for ODDs by employing repetitive two-degree-of-freedom control
scheme. IEEE Trans. Consumer Electronics, 49(4):1186-1195,
Nov. 2003.

G. Filardi, A. Besancon-Voda, and O. Sename. Modeling identifi-
cation and performance and analysis of a DVD player. In Proc.
IEEE International Conference on Control Applications, pages
623628, 2002.

B. A. Francis and W. M. Wonham. The internal model principle of
control theory. Automatica, 12(5):457-465, 1976.

K. Fujiyama, M. Tomizuka, and R. Katayama. Digital tracking
controller design for CD player using disturbance observer. In
1998 5th International Workshop on Advanced Motion Control,
pages 598-603. IEEE, 1998.

J. Han, K. M. Hock, W. Li, T. C. Cong, K. Shintani, T. K. Leong,
and R. Rayaraj. An experimental model of sled system in an
optical disk drive. Japanese Journal of Applied Physics, 39(2B):
843-845, Feb. 2000.

S. Hara, Y. Yamamoto, T. Omata, and M. Nakano. Repetitive
control system: a new type servo system for periodic exogenous
signals. IEEE Trans. Automatic Control, 33(7):659-668, 1988.

IEEE



Preprints of the 18th IFAC World Congress
Milano (Italy) August 28 - September 2, 2011

M. Heertjes and G. Leenknegt.
drives. Mechatronics, 2010.
M. Heertjes and F. Sperling. A nonlinear dynamic filter to improve
disturbance rejection in optical storage drives. In Proc. IEEE

Conference on Decision Control, pages 3426—3430, 2003.

M. Heertjes and M. Steinbuch. Stability and performance of variable
gain controller with application to a dvd storage drive. Automat-
ica, 40(4):591-602, Apr. 2004.

M. Heertjes, E. Pastink, N. van de Wouw, and H. Nijmeijer. Exper-
imental frequency-domain analysis of nonlinear controlled optical
storage drives. IEEE Trans. Control Systems Technology, 14(3):
389-397, May 2006.

I. F. Helwegen. Rail friction calibration, April 2005.
Patent EP 1 745 474 B1.

K. M. Hock and W. Li. Mathematical modeling of optical disc
servo systems. In Optical data storage topical meeting, Conference
digest, pages 14—17, May 2000.

J.-Y. Hsu and R.-C. Fu. Method of controlling the force of the
sled motor in an optical disk drive, October 2004. US Patent
US2004/0196751 Al.

I. W. Hwang. Method for discriminating a type of a disc and a
digital versatile disc system adopting the same, May 2000. US
Patent 6,061,318.

I. Ichimura, S. Hayashi, and GS Kino. High-density optical recording
using a solid immersion lens. Applied optics, 36(19):4339-4348,
1997.

T. Ishimoto, K. Saito, T. Kondo, A. Nakaoki, and M. Yamamoto.
Near-field readout system for a high-density optical ROM disc. In
Proc. SPIE, volume 4342, page 294, 2002.

T. Ishimoto, K. Saito, M. Shinoda, T. Kondo, A. Nakaoki, and
M. Yamamoto. Gap servo system for a biaxial device using an
optical gap signal in a near field readout system. Japanese Journal
of Applied Physics, 42(5A):2719-2724, May 2003.

T. Ishimotoa, K. Saito, M. Shinoda, T. Kondo, A. Nakaoki, and
M. Yamamoto. Gap servo system for biaxial device using an
optical gap signal in a near field readout system. Jpn. J. Appl.
Phys., 42:2719-2724, 2003.

K.B. Jin, T.Y. Doh, J.R. Ryoo, and M.J. Chung. Robust direct seek
control for high-speed rotational optical disk drives. IEEE Trans.
Consumer Electronics, 44(4):1273-1283, 1998.

C. Kempf, W. C. Messner, M. Tomizuka, and R. Horowitz. Com-
parison of four discrete-time repetitive control algorithms. IEEE
Control Systems Magazine, 13(6):48-54, 1993.

J.-G. Kim, M.-S. Kang, T.-W. Kwon, J. Jeong, N.-C. Park, H.-S.
Yang, and Y.-P. Park. Improved gap control system using a
disturbance observer for near-field recording. Japanese Journal
of Applied Physics, 47(7):5947-5952, 2008a.

J. G. Kim, M. S. Kang, W. H. Shin, N. C. Park, H. S. Yang, and
Y. P. Park. Improved air gap controller for SIL based near-field
recording servo system. In Proc. Optical Disk Storage, pages 1-3,
2008b.

J.G. Kim, T.H. Kim, H. Choi, Y.J. Yoon, J. Jeong, N.C. Park,
H. Yang, and Y.P. Park. Improved air-gap control for SIL-based
near-field recording system. IEEE Trans. Magn., 43(2):811-813,
2007.

K.-S. Kim. Eccentricity Compensation in Optical Storage Systems:
Analysis and Experiments. Japanese Journal of Applied Physics,
Part 1, 41(10):6302-6303, 2002.

K.-S. Kim. Analysis of tracking performance in optical data storage
systems under eccentricity. In Proc. American Control Confer-
ence, pages 719-724, 2003.

K.-S. Kim. Analysis of Optical Data Storage Systems - Tracking Per-
formance With Eccentricity. IEEE Trans. Industrial Electronics,
52(4):1056-1062, 2005.

K.-S. Kim and S.-P. Hong. Designing center error control in optical
disc drive systems. Japanese Journal of Applied Physics, 40(3B):
1747-1748, Mar. 2001.

K.-S. Kim and S.-P. Hong. Enhancing the tracking performance in
optical storage systems using a disturbance compensator. In Proc.
American Control Conference, pages 1384—1388, 2002.

Switching control in blu-ray disk

European

867

K.-S. Kim and K.-H. Rew. Enhancing robustness by Feedback
loop gain adjustment. In Proc. the International Conference on
Control, Automation and Systems, pages 2876—2879, 2007.

K.-S. Kim and K.-H. Rew. A Closed-Form Solution to Asymmetric
Motion Profile Allowing Acceleration Manipulation. IEEE Trans.
Industrial Electronics, 57(7):2499-2506, 2010.

W. Kim, H. Kim, C. C. Chung, and M. Tomizuka. Adaptive output
regulation for the rejection of a periodic disturbance with an
unknown frequency. IEEE Trans. Control Systems Technology,
August 2010. In press.

Y.J. Kim, K. Suzuki, and K. Goto. Parallel recording array head
of nano-aperture flat-tip probes for high-density near-field optical
data storage. Japanese Journal of Applied Physics, 40:1783, 2001.

K. Kinnstatter, M. Ojima, and S. Yonezawa. Amplitude detection for
the focus error in optical disks using a birefringent lens. Applied
Optics, 29(29):4408-4413, October 1990.

D. Koide, H. Yanagisawa, H. Tokumaru, H. Okuda, K. Ohishi, and
Y. Hayakawa. A novel tracking servo system for multi-types
of DVD with phase-shift DPP method. In Proc. International
Symposium on Optical Memory and Optical Data Storage Topical
Meeting, pages 1-3, 2002.

D. Koide, H. Tokumaru, K. Ohishi, T. Hayano, I. Shibutani, and
T. Miyazaki. High-speed tracking servo using zero phase error
tracking-feed-forward method for professional-use optical disks
over 10000 rpm. Japanese Journal of Applied Physics, 46(6B):
3765-3770, 2007.

S. Kwon and W. K. Chung. Robust performance of the multiloop
perturbation compensator. IEEE/ASME Trans. on Mechatron-
ics, 7(2):190 — 200, 2002.

C. W. Lee and C. C. Chung. Design of a new multi-loop disturbance
observer for optical disk drive systems. IEEE Trans. Magn., 45
(5):2224-2227, May 2009.

J.I. Lee, M. van der Aa, C. Verschuren, F. Zijp, and M. van der Mark.
Development of an air gap servo system for high data transfer rate
near field optical recording. Japanese Journal of Applied Physics,
44:3423, 2005.

J. Leyva-Ramos, M. G. Ortiz-Lopez, and L. H. Diaz-Saldierna.
Disturbance Rejection Control Scheme for Optical Disk Drive
Systems. IEEE Trans. on Megnetics, 46(10):3772 — 3777, 2010.

C.-Y. Liao. Sled apparatus for optical head frame of optical disk
drive, September 2005. US Patent US6,947,369 B2.

S. Lim and T.-Y. Jung. Dynamics and robust control of a high speed
optical pick up. Journal of Sound and Vibration, 221(4):607-621,
1999.

J. J. Liu and Y. P. Yang. Frequency adaptive control technique
for compact disk drives for rejecting periodic runout. Control
Engineering Practice, 12:31-40, 2004.

J.-J. Liu and Y.-P. Yang. Stability of the frequency adaptive control
technique and its application to compact disk drives. Control
Engineering Practice, 13(5):629-639, May 2005.

SM Mansfield, WR Studenmund, GS Kino, and K. Osato. High-
numerical-aperture lens system for an optical storage head. Optics
letters, 18(4):305, 1993.

T. D. Milster. Horizons for optical data storage. Optics & Photonics
News, pages 28-33, March 2005.

T.D. Milster. Near-field optics: a new tool for data storage. Proc.
the IEEE, 88(9):1480-1490, 2000.

T. Miyazaki, K. Ohishi, and D. Koide. Robust feedforward tracking
control based on sudden disturbance observer and ZPET control
for optical disk recording system. In Proc. IEEE International
Conference on Industrial Applications of Electronics, Control,
Robotics etc., pages 353-358, 2004.

J.-H. Moon, M.-N. Lee, M. J. Chung, S.Y. Jung, and D.H. Shin.
Track-following control for optical disk drives using an iterative
learning scheme. IEEE Trans. Consumer Electronics, 42(2):192—
198, May 1996.

J. H. Moon, M. N. Lee, and M. J. Chung. Repetitive control for the
track-following servo system of an optical disk drive. IEEE Trans.
on control systems technology, 6(5):663-670, 1998.



Preprints of the 18th IFAC World Congress
Milano (Italy) August 28 - September 2, 2011

K. Nakai, H. Nakahara, D. Matsubara, T. Matozaki, N. Takeshita,
T. Yoshihara, and K. Mori. Focusing error detection using
concentrically separated light beams for multilayer optical discs.
Japanese Journal of Applied Physics, 45(2B):1197-1203, 2006.

P. F. Odgaard, J. Stoustrup, P. Andersen, and H. F. klikkelsen.
Estimating focus and radial distances, and fault residuals from
CD player sensor signals by use of Kalman estimator. In Proc.
IEEE Conference on Decision Control, pages 1962-1967, 2003a.

P. F. Odgaard, J. Stoustrup, P. Andersen, and H. F. Mikkelsen.
Modelling of the optical detector system in a compact disc player
servo system. In Proc. American Control Conference, pages 3101—
3106. IEEE, 2003b.

P. F. Odgaard, J. Stoustrup, P. Andersen, M. V. Wickerhauser, and
H. F. Mikkelsen. A simulation model of focus and radial servos
in compact disc players with disc surface defects. In Proc. IEEE
International Conference on Control Applications, pages 105—110,
2004.

K. Ohishi, T. Miyazaki, and Y. Nakamura. High performance ultra-
low speed servo system based on doubly coprime factorization and
instantaneous speed observer. IEEE/ASME Trans. Mechatronics,
1(1):89-98, 1996.

K. Ohishi, K. Kudo, Y. Hayakawa, H. Yanagisawa, D. Koide, and
H. Tokumaru. Robust feedforward tracking servo system for
optical disk recoding system. In Proc. IECON, pages 1710-1715,
2001.

K. Ohishi, T. Miyazaki, K. Inomata, H. Yanagisawa, D. Koide, and
H. Tokumaru. Robust tracking servo system considering force
disturbance for the optical disk recording system. IEEE Trans.
Industrial Electronics, 53(3):838-847, 2006.

K. Okamoto, T. Morie, A. Yamamoto, K. Nagano, K. Sushihara,
H. Nakahira, R. Horibe, K. Aida, T. Takahashi, M. Ochiai,
A. Soneda, T. Kakiage, T. Iwasaki, H. Taniuchi, T. Shibata,
T. Ochi, M. Takiguchi, T. Yamamoto, T. Seike, and A. Mat-
suzawa. A Fully Integrated 0.13-pm CMOS Mixed-Signal SoC for
DVD Player Applications. IEEE Journal of Solid-State Circuits,
38(11):1981-1991, November 2003.

C. Peng, W.-H. Yeh, and M. Mansuripur. Measurements and
simulations of differential phase-tracking signals in optical disk
data storage. Applied Optics, 37(20):4425-4432, July 1998.

C. Peng, C. Mihalcea, D. Buchel, W.A. Challener, and E.C. Gage.
Near-field optical recording using a planar solid immersion mirror.
Applied Physics Letters, 87:151105, 2005.

K. C. Pohlmann. The compact disc handbook. AR Editions, Inc.,
Madison, WI, 1992.

J. R. Ryoo, K. B. Jin, T. Y. Doh, and M. J. Chung. New fine
seek control for optical disk drives. In Proc. American Control
Conference, pages 3635-3639, 1999.

J. R. Ryoo, K. Jin, J. H. Moon, and M. J. Chung. Track-following
control using a disturbance observer with asymptotic disturbance
rejection in high-speed optical disk drives. IEEE Trans. Consumer
Electronics, 49(4):1178-1185, Nov. 2003.

J. R. Ryoo, T. Y. Doh, and M. J. Chung. Robust disturbance
observer for the track-following control system of an optical disk
drive. Control Engineering Practice, 12:577-585, 2004.

D. Sarid and B. H. Schechtman. A roadmap for optical data storage
applications. Optics and Photonics News, 18(5):32-37, 2007.

H. Shim, H. Kim, and C. C. Chung. Design of output regulator for
rejecting periodic eccentricity disturbance in optical disc drive.
In Proc. International Conference on Control, Automation and
Systems, pages 452—457, 2003.

H. Shim, H. Kim, and C. C. Chung. Design and experiment of add-on
track following controller for optical disk drives based on robust
output regulation. In Proc. American Control Conference, pages
1829-1835, 2004.

J. Shiraishi, T. Maruyama, Y. Takemoto, I. Ichimura, and
S. Kobayashi. New DPD tracking servo method by signal process-
ing for high-density ROM discs. In Proc. Optical Disk Storage,
pages 1-3, 2007.

S. G. Stan. The CD-ROM drive: A brief system description. Kluwer
Academicr, Norwell, MA, 1998.

868

S. G. Stan, H. V. Kempen, G. Leenknegt, and T. H. H. Akkentmans.
Look-ahead seek correction in high-performance CD-ROM drives.
IEEE Trans. Consumer Electronics, 44(1):178-186, Feb. 1998.

M. Steinbuch. Repetitive control for systems with uncertain period-
time. Automatica, 38:2103-2109, 2002.

M. Steinbuch, P. J. M. van Groos, G. Schootstra, and O. H. Bosgra.
Multivariable control of a compact disc player using DSPs. In
Proc. American Control Conference, pages 24342438, June 1994.

M. Steinbuch, S. Weiland, and T. Singh. Design of noise and
period-time robust high-order repetitive control, with application
to optical storage. Automatica, 43(12):2086-2095, 2007.

J. Stoustrup, E. Vidal, P. Andersen, and T. S. Pedersen. Current
feedback for shock disturbance attenuation in a compact disc
player. In Proc. IEEE International Conference on Control
Applications, pages 880—885, 2000.

BD Terris, HJ Mamin, and D. Rugar. Near-field optical data storage.
Applied Physics Letters, 68:141, 1996.

J. Tominaga and T. Nakano. Optical Near-Field Recording. Springer-
Verlag Berlin, Germany, 2005.

J. Tominaga, H. Fuji, A. Sato, T. Nakano, and N. Atoda. The
characteristics and the potential of super resolution near-field
structure. Jpn. J. Appl. Phys, 39(2B):957-961, 2000.

M. Tomizuka. Zero phase error tracking algorithm for digital control.
Journal of Dynamic Systems, Measurement, and Control, 109(1):
65—68, Mar. 1987.

J. van Helvoirt, G. Leenknegt, M. Steinbuch, and H. J. Goosens. Disc
defect classification for optical disc drives. IEEE Trans. Consumer
Electronics, 51(3):856-863, 2005.

E. Vidal, P. Andersen, J. Stoustrup, and T. S. Perdersen. A study on
the surface defects of a compact disk. In Proc. IEEE International
Conference on Control Applications, pages 101-104, 2001a.

E. Vidal, K. G. Hansen, R. S. Andersen, K. B. Poulsen, J. Stoustrup,
P. Andersen, and T. S. Perdersen. Linear quadratic controller
with fault detection in compact disk players. In Proc. IEEE
International Conference on Control Applications, pages 77-81,
2001b.

E. Vidal, J. Stoustrup, P. Andersen, T. S. Pedersen, and H. F.
Mikkelsen. Open and closed loop parametric system identification
in compact disk players. In Proc. American Control Conference,
pages 3294-3298, 2001c.

E. Vidal, J. Stoustrup, P. Andersen, and T. S. Pedersen. Parametric
uncertainty with perturbations restricted to be real on 12 CD
mechanism. In Proc. American Control Conference, pages 3358—
3363, 2003.

J.X. Xu, T.H. Lee, and H-W. Zhang. Comparative studies on
repeatable runout compensation using iterative learning control.
In Proc. American Control Conference, pages 2834—2839, 2001.

J.-D. Yang, L.-F. Pan, X.-D. Pei, and D.-Y. Xu. Coupling enhanced
control for optical disk drives. Japanese Journal of Applied
Physics, 37(4B):2203-2205, Apr. 1998.

E. Yockyama, M. Nagasawa, and T. Katayama. A disturbance
suppression control system for car-mounted and portable optical
disk drives. IEEE Trans. Consumer Electronics, 40(2):92-99, May
1994.

K. Zhou and J. C. Doyle. Essentials of robust control. Prentice Hall,
Upper Saddle River, NJ, 1998.

Y. Zhou, M. Steinbuch, and D. Kostic. Estimator-based sliding mode
control of an optical disc drive under shock and vibration. In Proc.
IEEE International Conference on Control Applications, pages
631-636, 2002.

Y. Zhou, M. Steinbuch, M. V. D. Aa, and H. Ladega. Anti-shock
controller design for optical drives. Control Engineering Practice,
12(7):811-817, July 2004.

F. Zijp, M. van der Mark, C. Verschuren, J. Lee, J. van den
Eerenbeemd, P. Urbach, and M. van der AA. High-density near-
field optical recording with a solid immersion lens, conventional
actuator, and a robust air gap servo. IEEE Trans. Magn., 41(2):
1042-1046, Feb. 2005.



