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Abstract

As the coming of the tera-era, the demand for the storage capacity is
increasing. It is known that the storage capacity is governed by the ratio of
wavelength (A) of the laser diode and the numerical aperture (NA) of the
objective lens. Therefore, the optical data storage system is developed toward
a shorter wavelength and a higher NA. When the NA of the objective lens is
higher than 0.6, the vector nature of light will play an important role during
readout process. The optical model combined the advantages of the
ray-tracing and vector diffraction is proposed to achieve a faster calculation

and still maintain the reliability.

Based on the proposed model, the RF signal and servo signals
including the focus error signal (FES) and tracking error signals (TES) are
demonstrated and successfully verified with the specification under
DVD+R/RW system. Moreover, the tolerance analysis of DVD+R/RW system
is accomplished. The tilt and defocus effect are simulated and compared with

the experimental results to show how the tolerance affect the readout and



servo signals. Finally, this thesis discusses a phenomenon which will happen
especially in the recordable and re-writable systems called feedthrough. The
feedthrough effect is caused by the groove structures on the recordable disc
and lead to a variation in focus error signal with the tracking error signal
during track seeking process. The feedthrough effect will deteriorated the
performance of the focus servo and the origin and the factors that influence

feedthrough are discussed.
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Chapter 1

Introduction

1.1 Motivation

As the coming of the tera-era, the demand of the recording capacity is
increasing. The areal density is governed by the numerical aperture (NA) and
the wavelength (A) of the optical pick-up head (PUH). An optical data storage
(ODS) system is developed toward a shorter wavelength laser diode and a
higher numerical aperture objective lens, where the focused spot diameter is

proportional to A/NA, to achieve a higher areal density, as shown in Fig. 1.1-1.

CcD DvD DVR

A=780 nm A=550nm
Ha- 045 MNA=C.4

fo=400 rm
M=, 85

Fig. 1.1-1 A diagram of the light paths for the CD, DVD and DVR system and
electron microscope photographs of the information pits of the three

systemsl!]

The optics of the ODS system including the fundamental principles of

each optical component, disk recording are introduced in many literatures.

-1-



284 These theories describe the propagation of the light in the optical
pick-up head, the interaction between the light and the media and the
extraction of the readout and servo signals from the photo-detectors. The
literatures in this field primarily based on the geometry optics and the scalar
diffraction theory proven to successfully characterize most of the observed

phenomena.

When NA of the objective lens is higher than 0.6, the vector nature of the
light field plays an important role in the optical readout process. The vector
diffraction is needed to accurately model the interaction between the
polarized light and the storage media. Because the calculation of the model
based on vector diffraction theory is concerning with the interaction between
the polarization of the light and the optical components, the cost of such
model is extensive computation resources, such as the long computing time
and the large memory capacity. Notwithstanding, to attaining acceptable
levels of performance and reliability in the oncoming high-NA optical data
storage system, the simulation model based on the vector diffraction theory is

indispensable and has been proposed by many research groups.t!

The compromising method is combining the ray-tracing and the vector
diffraction model. The beam is traced through the entrance pupil of the ODS
system, the objective lens, working distance and the disc substrate to the focal
point. Near the focus the rays are transformed to the diffraction calculation.
After reflected from the disc, the beam propagates a distance to a region

where the ray-tracing is valid once again.

A typical method to model the diffraction effect from the optical disc is to

use a mark structure described by the Fourier series expansion in two

-2-



dimensions or by the fast Fourier transform algorithm. These methods can
accurately estimate the optical phenomena in the optical data storage system,

but have a less insight into the physics of the signal generation.

A different method called the Babinet principle which is based on the
decomposition of the returning beam from a simplified disc structure is
introduced to provide a physical insight into the diffraction mechanism of the
optical readout system.l®! The Babinet principle is adopted in the proposed
model to decompose the reflected light from the information layer of the disc
into separate components that compose of the data signal, servo signals, and
crosstalk so that the insight into the origin and the characteristics of various

signals can be comprehended.



1.2 Objectives

Based on the Babinet principle and the vector diffraction theory, the
objectives of this thesis are to simulate the readout signal and the servo
signals including focus-error signal (FES) and tracking-error signal (TES) in
the first stage. These signals are quantitatively compared with the

specification requirements to verify the validity of the results.

In the following stage, the tolerance analysis including tilt and defocus
of the key components are analyzed. Furthermore, tolerance experiments
based on the DVD-system will be implemented to verify the proposed model

and demonstrate the feasibility.

In the final stage, the effect of feedthrough, the interaction between the
two servo signals, are introduced and the discussion of the causes and the

influence on the servo signals are presented.



1.3 Organization of This Dissertation

This thesis is organized as following: the basic principles and the prior
studies utilized for constructing the model is reviewed in Chapter 2. In
Chapter 3, the simulation model and system configuration are proposed and
described. The simulation results including the readout signal, the servo
signals, the tolerance analysis, and the effect of feedthrough is demonstrated
and discussed in Chapter 4. The conclusion and the future works are given in

Chapter 5.



Chapter 2

Principles and Literature Review

In Chapter 2, the theories of the scalar and vector diffraction in the
optical date storage system and the preliminary principles of decomposing
the light reflected from the disc structure are reviewed; moreover, the

fundamentals of the servo mechanism is described at the end of Chapter 2.

2.1 Scalar and Vector Diffraction Theory

Scalar diffraction theory is employed in the analysis, when the following
two conditions are satisfied: (1) the NA is lower than 0.6; (2) the size of details
on the disc are larger than the magnitude of the light wavelength (A)
employed. Because the bending of the rays by the focusing element is fairly
small, the electromagnetic fields before and after the element to have a more
or less the same orientations. However, when the optical system with a severe
bending of the light rays, such as a high-NA system, is adopted, the
polarization effects of the light should be significant. The applicability of the
scalar diffraction theory is based on the easy evaluation by the method of
stationary phase approximation. In the stationary phase approximation, the
plane wave spectrum of the convergent beam at the exit pupil is equivalent to
the light amplitude distribution at that pupil; therefore, each geometric ray

represents one plane wave of the spectrum.



2.1.1 Scalar Diffraction Theory !

The Huygens-Fesnel principle can be written

Jkty
U(x, y)=— [ [u(&,n) ——dédn (2.1-1)
JA%S o1
y
A A
Po
lo1 L e _X

z=/

Fig. 2.1-1 Diffraction geometry

where the distance ro is given by 7, =\/(x—§)2 +(y-1)*+z° . As shown in

Fig. 2.2-1, the diffraction aperture lies in the (&,n) plane, and is illuminated in

the positive z direction. By the paraxial assumptions, (2.1-1) becomes

jkz 0 C T EY 4 ()

U= [ JueEme =7 L ag ay (2.1-1)
jAz 7=,

and another form of (2.1-1) is
e ) ¢ Py | (g

U, y)=—=e* | uEmne* e * dédn  (2.1-2)
jAz 3



which is the Fourier transform of the product of the complex field and a
quadratic phase term. (2.1-1) and (2.1-2) is the Fresnel diffraction (Near field)
integral. If the phase term in the brackets of (2.1-1) approaches unity, i.e.

(&) T o 2
e * 1 = —(&+n7),.. <<l or z>—
max
Az A

where the D represents the maximum dimension of the aperture, the observed

field is the Fourier transform of the aperture.

jkz P2 0 .2z er
u(x’y):;;z e] /12( ¥ .”U(flﬂ)e JM( S+yn ) dé‘ d’] (2.1_3)
This is the Fraunhofer (Far field) diffraction integral where u = % , U= % .
z b4

Except the phase factor preceding the integral, this expression is simply the

Fourier transform of the aperture.

U(x,y)=C*F{UE,mil (2.1-4)
2z Az
jkz P2
where C=—— ¢ * U and F represents the Fourier transform operation.

jAz

There is an analogue method to determine the diffraction patterns after
propagating through a distance called the angular spectrum of plane waves.
Any complex amplitude distribution of the light can be decomposed into a
spectrum of plane waves. The plane waves travel in different directions across
the system, and then are superimposed to form a diffraction pattern at the

destination plane.



In the ODS system, the light source is the laser diode which has a
Gaussian complex amplitude distribution. The following of this section try to
use this amplitude distribution to derive the diffraction formulas and
compare this to the aforementioned theory. Generally, the Gaussian beam

propagates along the z-axis has the following complex amplitude distribution:

U(x,y)=U, exp(—ozx2 —~ ﬂyz) (2.1-5)

In (2.1-5), @ and f are complex numbers. Consider the Fourier
transform and corresponding inverse Fourier transform of such amplitude

distribution at the z = 0 plane:
F{U(x,y,0)} =j j U(x,y,0)exp| —j27 (xu+yo) xdy * (2.1-6)
U(x,y,0)= I I F{U(x,y,0)} exp[jZﬂ(xu + yv)]dudv (2.1-7)

The right side of (2.1-7) is the superposition of plane waves propagating long

the unit vector o, where

oc=ui+vj+Jl-u’ -0’2 (2.1-8)

* The evaluation of the integral:

o0 2 2
jIU(x,y,O)exp[—szr(xu+yv)]dxdy: 7y exp{—fr2 [u—+ v H
a

g N7



The amplitude of the propagating plane wave are the Fourier transform

of the U(x,y) with the frequency (u,v). The plane waves propagate along the

z-axis from the origin to the z=Z plane, and the resulting distribution at the
z=Z plane is obtained by the superposition of these plane waves after

traveling a Z distance.

U(x,y,Z) = foj F{U(x,y,0)} exp{ j27r[(xu+ yo+ Z1— il o )}}dudv (2.19)

A method called stationary-phase approximation can be utilized to

evaluate the integral value of (2.1-9). ¥l Consider a two-dimensional integral

1= [ £(&,mexp|jx(x, y)|dédn (2.1-10)

where f(&,77) is a complex function, and ¢(&,7) is a real function, and «

is a large real number, and the domain of the integration .is a subset of the
&n -plane. The small variation of the function ¢(&,7) will be amplify by the
large real number x, and result in the rapid oscillation of the phase term. On

the other hand, the complex function f(&,77) is a slow variation function

which has a negligible effect on the integral. The main contribution of this

integral is from the regions in the neighborhood of the stationary point of

#(&,m) which is defined as (2.1-11)

-10 -



0 0

§¢(§0’%):@¢(§0,%):0 (2-1'11)

The integral in (2.1-10) can be approximated as

1= & mexpljxg(¢,m]dsdr

j27v , (2.1-12)
= ———— f(&, ) exp|jxp(y,71,)
K\/Wf 0o p[] 0 0]
1, aBf>y*, a>0
ip T 0 "
where a=—7 fB=—7> y= v=<-1, af>y", a<0 (2.1-13)
g on 0con : 2
=] aﬂ<7/
When the real function ¢(&,7) has the form
#(&m)=J1-&*~n* + A5 +Bn (2.1-14)

where A and B are real numbers. The integral in (2.1-10) can be approximated

as follow:

I=[] f&mexp| jx(1=& = + Az + B) |dée
=727 ¢ a,B) exp[ jx1- A2 - B } (2.1-15)

K

f( A B j
£ (A B)= V1+ A +B* 'V1+ A’ 1+ B?
Y 1+A*+B

(2.1-16)

-11-



where f.(A,B) is a stretch version of f(&,7). Comparison of (2.1-9) with

(2.1-15) shows that the two integrals are identical supposed that one makes

the following associations:

f(u,v)—)F{U(x,y,z=0)} ; K=27z ; Azé ; B=%

Consequently, the integral in (2.1-9) is an approximated form by the

stationary-phase method as (2.1-16):

U(x,y,Z) = _?jexp[]?m/xz +y’+ 2 }l—: {U(x,y,2=0)} 4z (2.1-17)

B=

SIS

This is the fundamental equation of the scalar diffraction theory in the
far-field regime. The exponential term in (2.1-17) is the curvature phase
representing a radius of curvature Z. The stretching operation must be put on
the function before Fourier transformation. Comparison of the approximated

result (2.1-17) with the far-field integral (2.1-3) demonstrates the consistency.

2.1.2 Vector Diffraction Theory Bl

The simple treatment of the effects concerning the polarization will be
introduced in this section. Replacing the rigorous solution of the Maxwell’s
equations with the physical phenomenon of bending of the plane wave by
high-NA lens is an intuitive approach about the propagation of the

electromagnetic waves.

-12-
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Fig. 2.1-2 A linearly polarized beam is brought to focus by a lens. The E-field

is the electric field indicating the direction of the polarization.

Consider a linearly polarized beam propagates along the z direction, as

shown in Fig. 2.1-2. The incident direction of propagation is o, =(0,0,1), and
the corresponding direction of propagation after the lens is o, =(o0,,0,,0,).

The incident polarization electric E, =(1,0,0) can be decomposed into two

components, s-polarization and p-polarization. The s-polarization is in the
plane of the o, and o, and remains in the same direction of incidence after
passing through the lens. In the meanwhile, the p-polarization reorients to the

perpendicular direction of the emergent rays. If the refraction process is

lossless, the simple geometry is used to determine the new emerging
polarization. Given the direction of incident beam o, and the direction of the

emergent beam o, the polarization of the emergent beam can be resolved

with the arbitrary polarization state of the incident beam, as listed in Table 2.1.

-13-



A similar calculation can be derived in the same procedure from an incident

beam with polarization along y-axis.

Table 2.1 The polarization of the emergent beam is Ei, and the original

polarization is Eo under the assumption of lossless refraction.

Incident polarization Emerging polarization

o, =(0,0,1) o,=(0,,0,0,)
i c? -00

E, =(1,0,0) E=1-——, Lo,
| 1+o0, 1+o0,

E, =(0,1,0) pal oo | o/

=y L = 7+ s
’ \ | 1+0, 1+o, Y

Note that the beam cross-section changes after refraction in consequence

of plane wave refraction. The cross-section propagate along o, is reduced by

a factor o,, and therefore, its amplitude is increased by a factor % . The
correct emerging polarization amplitude is E,
gmg p P o,

According to (2.1-17), the amplitude distribution is Fourier-analyzed
across any plane, and the various spatial Fourier components can be
identified as plane waves traveling in different directions. The amplitude at
any point can be determined by superposing the constituent plane waves to
join the phase shift obtained during propagation. Incorporating the
polarization state of Table 2.1 with (2.1-17) to get the formula for vector

diffraction:

-14 -



U, (x,y,72)
u,(x,y.2) |= [
U, (x,y,2)

F{U,(x,y,z=0)}
" F{U,(x,y,2=0)}

o, 0,0,
1-}-0‘2 1+O'Z
2
1 0.0, _ o,
\O, 1+o0, 1+ 0,
_ax _O-y

Jexp[ j2r(x0, +yo, +20.) |dodo,  (21-18)

and (2.1-18) is the vector version of (2.1-17)

2.1.3 Comparison

The simplest focusing theorem is based on the scalar diffraction and the

paraxial approximation. This simplest theorem is applicable only when the

numerical aperture of the lens is low/moderate. When the NA of the lens up

to the scale of which the polarization effect can not be neglect, the focusing

problem should be dealt with the vector diffraction theory.

In this section, the author try to demonstrate the objective lens with

different NA (NA=0.45, 0.85) to observe the intensity distributions in different

polarization directions on its focal plane. The light is an x-polarized Gaussian

beam, and is incident to the lens with NA of 0.45 (CD) or 0.85 (DVR). The

aforementioned vector and scalar diffraction theory are employed.
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o]
o

X x X

[Xmin= .2733E-05 I'Ymin= .0000E+00 IZmin= .2847E-18

IXmax= .4481E+00 I'Ymax= .5385E-04 IZmax= .109%E-01
(a)

IXmin= .2723E-05
IXmax=.4477E+00

(b)

Fig. 2.1-3 An x-polarized Gaussian beam is focused by a lens with NA = 0.45,
and observe the intensity distribution of X-, Y-, and Z-polarization (from the
left to the right) on the focal plane. The calculation method is (a) vector

diffraction theory, and (b) scalar diffraction theory.

The x- and y-axis in Fig. 2.1-3 and Fig. 2.1-4 are the coordinates in the
focal plane and range from -5A to 5A. The intensity distributions in Fig. 2.1-3(a)
and Fig. 2.1-4(s) are X-, Y-, and Z polarizations. There is only one plot in Fig.
2.1-3(b) and Fig. 2.1-4(b) because the scalar diffraction theory does not take

polarizations into consideration.
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x X X

IXmin= .2750E-05 IYmin= .0000E+00 IZmin= .2265E-17
IXmax= .1230E+01 IYmax= .5958E-03 IZmax= .bB95E-01

(@)

IXmin= .2760E-05
IXmax= .1225E+01

(b)

Fig. 2.1-4 An x-polarized Gaussian beam is focused by a lens with NA = 0.85,
and observe the intensity distribution of X-, Y-, and Z-polarization (from the
left to the right) on the focal plane. The calculation method is (a) vector

diffraction theory, and (b) scalar diffraction theory.

As shown in Fig. 2.1-3(a) and 2.1-4(a), in y-polarization four peaks occur
near the focus, and in the z-direction two peaks appear under the vector
diffraction calculation. The summary of the maximum intensities along each

direction and their comparisons are shown in Table 2.2.
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Table 2.2 Maximum intensities along x-, y-, and z-direction and their

comparisons

VECTOR

NA X(au) |Y(auw) Z (a.u.) Y/X (%) |Z/X (%)
0.45 (CD) 0.4481 0.0000539 0.01095 0.01%  |2.44%
0.85 (DVR) (1.2300  |0.0005958 0.05895 0.05%  |4.79%

In the case of NA = (.45, the ratio of the peak intensity between Y and
X-direction is 0.01% which can be neglected and so does that of NA = 0.85. For
the case of NA = (.85 the ratio of the peak intensity between Z and
X-direction is 1.96 times larger than that in the case of NA=0.45 and is 95.8
times larger than that in the Y-direction of the NA = 0.85. For this reason, the
diffraction component in the Z-direction can not be omitted any more while

the NA of the objective lens is large enough.
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2.2 The Babinet Principle I

The traditional way to model the propagation and interaction of the light
in the ODS system is use a Hopkins-type method in which the mark structure
is expressed by the Fourier series expansion./?! This model has a good estimate
of the light, but has a less comprehension about the physics of the signal
generation. The Babinet principle can provide quantitative results of the
diffraction mechanism by decomposing the reflected field from the recording
layer of the disc into ingredient components; these components with different
combination form the readout signal, servo signals, and the crosstalk,

respectively.

Objective Lens ~ Disc = Objective Lens

U, U.
Fig. 2.2-1 Light is focused on the disc and formed a reflected field U;(X,Y).

The reflected field diffracts to form a field UT(X',y') at the pupil of the

objective lens.

2.2.1 Mathematical Formulations and Physical Description

Consider a model which the objective lens focus the incident light onto the
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recording layer of the optical disc and the light is recollimated by the objective

lens, accordingly, as shown in Fig. 2.2-1. The total light field reflected from the

disk is U;(X,y), where the x and y represent the coordinates in the plane of

the recording layer. The reflected beam is collimated by the objective lens and

form a light field Ur (x',y) at the exit pupil of the objective lens, where the x’

and y’ represent the coordinates at the pupil.

The Babinet principle assumes that the total field reflected from the
recording layer is the summation of the fields reflected from the separate

regions.

U, =2.U. (22-1)

U; are the non-overlapping composing regions on the optical disc. The
summation of N components cover entire domain of U;(x,y). Linear
operations performed on U,(x,y) is a summation of the linear operation of

each component U,.

U, = Zui (2.2-2)

The tilde refers to the linear operation of the propagation from the disc plane

to the exit pupil of the objective lens.

The separate components correspond to the light field reflected from
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different marks of two adjacent tracks, T1 and T2, as depicted in Fig. 2.2-2.
The laser spot focused on the recording layer scans over track T1 with an

offset Ay. The marks on T1 and T2 are denoted as M1 and M2, respectively.

The track pitch is indicated by P.

Laser Spot On-track Marks

Fig. 2.2-2 Track layout of the disc

Each component of U, include the three parts: (1) the electric field
reflected from mark M1 of track T1, U,,;; (2) the electric field reflected from

mark M2 of track T2, U,,,; (3) the electric field reflected from the land, U..

The Babinet principle declare the total reflection from the recording layer U,

as

Ur =1 Up +(ry — 1)Uy +Uyy,) (2.2-3)

where the r. and rm are the complex reflectance of the land and the mark,

respectively, and U, is the reflection form the flat surface of the disc, as

illustrated in Fig. 2.2-3.



Fig. 2.2-3 The Babinet principle used to decompose the signal reflected by the

optical disc

The ingredients Um: and Um: are binary value with a maximum of one and

a minimum of zero. Take the groove structure into account, the flat reflection

term, U, transform to the form U, =exp[ig(x,y)], where the ¢(x,y)

represents the phase imported by the grooves as a function of the position on

the recording layer.

2.2.2 Generating the Readout, Servo, and Crosstalk

The total field at the exit pupil of the objective lens, iIT, propagate to the

detector that generate the date signal and the servo signals. The data signal

reveals the mark distribution beneath the scanning laser spot; the servo signal
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is sensible to the offset Ay.The crosstalk between the data channels is caused
by the interaction between the rim of the focused laser spot and the adjacent

tracks. The reflection from the on-track mark, l:IM1 , are important factor for

analysis. u w1 shows the symmetry in the amplitude and the phase along the

track direction when the laser spot scans over the mark M1.

Focused Spot

Flat-surface fLU R
F

. » Servo Signal
Reflection

2inArly (U .| oS AS,

AI‘-U M1

Reflection from

on-track marks ﬁ C_

Type 1 Crosstalk

2 I‘LAI’U FU M2 COSA¢F2
Ay,
Reflection from ¢ » Type 2 Crosstalk
off-track marks ﬁ ( o
2|Ar° U 1y,|COS A,

Fig. 2.2-4 Different combinations of the reflection terms generate the servo

signal, and two types of crosstalks

The amplitude diffraction pattern splits and the phase of the amplitude
diffraction pattern rotates when the laser spot scans over an on-track mark.
The rotation of the phase is due to the linear phase term has been introduced
into the reflection field during scanning the off-track marks. The component
tields, u;, uw, and u,. with different combinations form the data signal,

servo signals, and crosstalks, as illustrated in Fig. 2.2-4.

Three kinds of signals are illustrated in Fig. 2.2-4; firstly, the diffraction
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from the flat reflection, , u;, combines with the diffraction from the on-track

marck, aru;, to form the servo signal:

2 oS Agy, (2.2-4)

rLArUF UMl

where Ar=r, -r. and ag, is the phase difference between the two

constructed components. Secondly, the type one crosstalk:

2 cos Ay, (2.2-5)

nArU U s

, is formed by the flat reflection and the diffraction from the off-track marks.
Lastly, the diffraction from the on-track and the off-track mark lead to a type

two crosstalk:

2|Ar? UMll:[MZ cosAd,, (2.2-6)

A summary of the terms generated by the different combinations of the

diffraction terms and its physical explanation is listed in Table 2.3. The

2

detector responds to the irradiance of the light field, It oc|Ur| . The servo

current is formed by integrating the irradiance of the resulting diffraction

term:

rLArl;[Fl:[M1 cosAdydx'dy’ (2.2-7)

Isprvo = IZ
Q

where Q is the area of the pupil aperture. The data signal is determined by

the same way:
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DATA J.

Q

ArU w1 dx dy' (2.2-8)

Table 2.3 The diffraction terms resulting from the Babinet decomposition °!

Diffraction Terms Formula Physical Description
o2
Background nlU, Background reflection
. 2
Data Signal Arl] Interference of the M1 with itself
. 2
Type 0 crosstalk Arl] s Interference of the M2 with itself

Servo Signal cosag, nterference of the M1 with background

2 Al U

Type 1 crosstalk cosAg,, Interference of the M2 with background

2 rLAYUF UMZ

Type 2 crosstalk 5 cosAg,, Interference of the M1 and the M2

AVleIMIl/IMZ

2.2.3 Applications of the Babinet principle

In this section, the two applications of the Babinet principle is introduced.
The first application is the explanation of the origin of the differential phase
detection (DPD) method, which is used as a tracking method to maintain the
laser spot on the target track. The DPD tracking signal originates from the
rotation of the diffraction pattern which been detected by the quadrants of the

detector.

Casel: r, #0,r, =0, without grooves and one isolated mark,M1
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The returning irradiance pattern is
2
2
-t

where Agy, is the phase difference between the U . and U ., Which is the

2 - 2 ~ ~
+ uMl +2 uFuMl

u.

cos(Ady, )} (2.2-9)

L

main cause of the rotation of the irradiance pattern. Because the [;,[ and

Ur

‘&Ml * show no effect on rotation of the irradiance pattern, the only one term

concerning to the phase is Z‘lﬁp Uwmi|cos(Ad,,)- The phase of the u,, rotates

with the position of the scanning beam so that the cosine interference term
causes a pattern rotation in the servo signal. Consequently, the rotation-free
term is called the data signal, and the cosine interference term is called the
servo signal. This analysis implies the design factor of the media that the
optimum DPD signals are obtained with the high values of the land

reflectance.

Casell: r, #0,r, =0, two tracks and two marks

The returning irradiance pattern is

e U =P <[ <
2|U U | cos(841) (a)
2|U U o |c05(Adr ) (b)
+2{U iU s cOs (Mg, ). © (2.2-10)

Term (a) in the (2.2-10) stands for the Iservo, as which is mentioned in case I,

and term (b) stands for the type one crosstalk; finally, term (c) stands for the
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type two crosstalk. Type one crosstalk is formed by the interference of the
on-track mark and the adjacent track; likewise, the crosstalk in type two is

generated by the interference between the on-track and off-track marks.

2.2.4 Summary

In this section, a different principle for analyzing the diffraction patterns
and the origin of the signals has been reviewed. This method is found on the
decomposition of the reflected light field due to the on-track and off-track
marks on the detector. That the origin of the DPD servo signal is due to the
phase of the diffraction from the on-track component has been shown. The
Babinet principle is the foundation of generating the readout signal, servo

signals of the proposed model.
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2.3 Servomechanisms

To keep the laser beam in focus to a correct position is important for
reliable data storage and retrieval. During read/write/erase operations,
keeping the spot in focus and following the track in the radial direction are
two major concerns. The demand for the position control stems from the
mechanical deviations of the drives and disks both in focusing and tracking

directions.

The spot size on the disk surface for a DVD-system has a diameter of less
than a micrometer. To maintain this small spot size tightly focused, the
position of the objective lens must be constantly adjusted to correct for the
axial motion of the disk surface as the disk spins. The position of the objective
lens is controlled by the servomechanisms consisting of two parts: focus servo
and tracking servo, as depicted in Fig. 2.3-1. These servomechanisms are

described below, followed by an explanation of the laser beam position

)

control system used for seeking and track following.

—1

Optical Disc

Radial

Fig. 2.3-1 Schematic diagram of pick-up head with focus servo and tracking

Servo
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2.3.1 Focus Control

The optical data storage system needs the focus control system to
generate the feedback signal used to correctly indicate the degree and the
direction of focus error. There are three common methods used to achieve the
focus control: The obscuration method, astigmatism method, and the

differential spot-size method.

The astigmatism method uses the astigmatic lens to focus the reflected
laser beam onto the quadrant detector to generate focus error signal,
illustrated in Fig. 2.3-2. In perfect focus, the distribution of the reflected laser
beam is equal on the four elements of the quadrant detector. Nevertheless, if
the defocus arisen from the axial run out is introduced, two mutually
perpendicular elliptical laser spot along the optical axis in sagittal and

tangential directions will be formed.

Disc

Collimator Beam Splitter  Objective Lens

Laser Diode

Astigmat

0..

Az<0 PDIC

&

Az>0

Fig. 2.3-2 Astigmatism focus error method
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The unequal distributions of light on the quadrant detector generate a
focus error signal (FES), as formulated in (2.3-1). This signal is normalized
with respect to the light level to make it independent of laser power and disk

reflectivity. This curve is often called the “S-curve” because of its shape.

(A+C)-(B+D)
A+B+C+D

FES =

(2.3-1)

2.3.2 Tracking Control

The beam returning from the disk contains first-order diffraction patterns;
their intensity depends on the position of the spot on the tracks, and varies
with the spot moving away from the track center. The same quadrant detector
that is used to generate the focus error signal can be used to generate the
tracking error signal (TES), and the TES is the normalized difference of the

current from the split detector, as formulated in (2.3-2).

(A+B)-(C+D)
A+B+C+D

TES =

(2.3-2)

The TES peaks when the laser spot passes over the edge between the land
and the groove and reset to zero when the spot is at the center of the track or
land. The split detector can sense the relative position of the spot to the track
center, and provides a feedback signal to the close-loop servo, as depicted in

Fig. 2.3-3.
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-1 0 +1
: D “ [ Pupil image

+30% off-track On-track -30% off-track

Fig. 2.3-3 The push-pull tracking method

The tracking mechanism is accomplished by a compound actuator, which
consists of a coarse actuator and a fine actuator. The coarse actuator is usually
a rail-mounted carriage driven by the linear voice coil motor. The fine actuator
acts to produce a small radial displacement on the laser spot for a short track
jump. The compound tracking actuator configuration has advantages over a
single actuator not only in track following performance, but also when
seeking between tracks.

In practice, mechanisms for extracting TES from the reflected beam
depend on the disc format. Tracking error sensing is usually achieved with
either: push-pull method, three-beam, differential push-pull, and differential
phase detection. The relationships between the different disc formats and the
tracking schemes are tabulated in Table 2.4. All schemes, when combined with
appropriate closed-loop servos, can hold tracking errors to less than 0.01 mm

to reduce crosstalk.
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Table 2.4 The relationships between the different disc formats and the

tracking schemes

Disc Formats Tracking Methods

CD-ROM Three-beam Method

DVD-ROM Differential Phase Detection (DPD) Method
CD-R/RW Push-pull (PP) Method

DVD£R/RW or

DVD-RAM Differential Push-pull (DPP) Method

2.3.3 Servo Implementation Challenges 1%

Any defects of the wavefront imported by the imperfection factor of the
optical components in the ODS system affect the performance of the
servomechanism in various ways. An typical example is feedthrough due to
the interference of the tracking error signal into the focus error signal.l®!
Feedthrough is any change in the focus error signal caused by the track
crossing operation, and will lead to the laser spot out of focus. Minimizing or
eliminating feedthrough is important during seeking where you need to

maintain focus throughout the track crossing.

Feedthrough is a special case for a writable or re-writable disc, such as
DVD+R and DVD+RW, which have pregrooved structure on it. Feedthrough
becomes a serious problem at the beginning and at the end of the seek process.
Because the scan velocity is low, the focus servo tends to respond to this kind
of false focus-error signal. The feedthrough is affected by several factors.

Firstly, it’s the assembly issue including the misalignment of the detector or
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the objective lens. Following up, the quality of the media is taken into
consideration. The birefringence of the substrate will lead to a
birefringence-induced astigmatism. Vertical birefringence of the substrate
leads to a phase retardation of the returning beam."! The third factor is the

wavefront aberration including coma and astigmatic aberrations.

The origin and the influence on the servo signals of feedthrough will be
discussed in the Chapter 4. The feedthrough is measured during the track
crossing of one trackpitch in a DVD+R system as a demonstration. The effects
imported by the coma and astigmatism aberrations on the feedthrough will be

simulated and discussed.
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2.6 Summary

In this chapter, the basics of the diffraction theories are reviewed. The
connection and the comparison between the scalar and vector diffraction
theory are formulated and organized. The Babinet principle which is used to
decompose reflected light field and form data signal, servo signals, and
crosstalks is the foundation of the signal process of this thesis. The optical
model based on the simplified vector diffraction theory and the Babinet
principle will be constructed in Chapter 3 supplemented with the tolerance

and jitter analysis.
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Chapter 3

Simulation Model

In this chapter, the optical components used to construct the ODS system
is discussed firstly, and the optical model is built based on the
aforementioned principles in Chapter 2. The tolerance issue becomes more
and more important as the growing of the storage density, and this factor will
incorporate into the proposed optical model to observe the impact on the data
signal and the servo signals. Jitter is an important evaluation factor of the
signal in the ODS system; therefore, the basics of the jitter analysis from the

optical point of view will be presented at the end of Chapter 3.

3.1 Simulation Description

In the design process of the ODS system, the physical structure of the
optical disc, the data format and the design of pick-up head has been
standardized for the compatibility of all kinds of discs, such as the
wavelength of the laser diode, the numerical aperture of the objective lens.
Different composing components are used for various focus servo and
tracking servo adopted by different companies. In this thesis, the simulation
framework is based on the optical pick-up head provided by ASUSTek
computer Inc. The purposes of the optical pick-up head are to transmit the
laser beam to the disc, to focus the laser beam to a diffraction-limit spot, and
to transmit the information on the disc to the detector as the readout or the

servo signals. In Fig. 3.1-1, the configuration of the DVD pick-up head system
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is demonstrated.

Objective Lens

Mirror

Collimator

QWP+GT

= Cylinder

Fig. 3.1-1 The configuration of the simulated DVD system

The light of wavelength A = 660 nm, emitted from a laser diode is brought
to the quarter wave plate (QWP) combined with a grating (GT) to generate a
zero order and +1 orders light beams and to change the polarization state
from linear to circular polarization. The beams are then collimated and
focused on the disc by a collimator and an objective lens, accordingly. The
recorded data on the disc will makes the distribution of the reflected light
vary with the different reflectivities of the marks and land and this variation
of the reflected distribution represents the digital data 0 or 1. Reflected from
the disc, the light passes a cylindrical lens and is finally detected by the quad

photo-detector. The readout signal can be generated as a result of the sum of
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the quadrant signals.

Based on the pick-up head system from ASUSTek company Inc., the
simulation model is determined. But in this thesis only main beam (zero order)
is taken into consideration, the +1 orders light beams of the diffraction grating
are omitted. Such way speeds up the simulation time. The components which
just use to change the direction of the light or the split the optical paths of
incident and reflected light can be omitted as well, such as folding mirror,
cube 1, cube 2. Therefore, in this thesis only the laser diode, the collimator, the
objective lens, the optical disc, the astigmatic lens, and the photo-detector are

taken into account, as depicted in Fig. 3.1-2.

Laser Diode Collimator Objective Lens Disc
f A A A
: - v : Rad : . -v : o
n 75 CIRRRRICILIRIRIRE R ST ‘_+rf _______________ N4 Z
L U N B |
(a)
Disc Objective Lens  Collimator Astigmat Detector

(b)

Fig. 3.1-2 The unfolded optical path of the simulation model: (a) The incident

optical path, and (b) the reflected optical path
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3.1.1 Readout Model

In the case of readout modeling, only one track is considered and the
pre-groove structure is ignored to obtain the signal from the on-track marks.
The readout signal created by the superposition of the sequential marks based
on the Babinet principle is presented. The method of superposition of the
sequential marks in the tangential direction (x-axis), sketched in Fig. 3.1-3,
consists of two steps: in the first procedure, two isolated marks (with different
lengths) are considered. The total field reflected from the recording layer is
decomposed into components that consist of the isolated marks and the
background reflection. In the subsequent procedure, the readout signal is then
formed by superposition of a sequence of isolated marks of different lengths
with varied spacing offset. The readout signal, called RF signal or eye-pattern,
created by superposition of the sequential marks is formed by overlapping the
signals of isolated marks more than 300 times to exhibit the eyepattern shown

on the oscilloscope.

Background Isolated Mark 1 Isolated Mark 2

Fig. 3.1-3 Schematic diagram of the superposition of the sequential marks
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3.1.2 Parameters

As mentioned in previous section, the simulation model is constructed by

the laser diode, the collimator, the objective lens, the optical disc, the

astigmatic lens, and the photo-detector and the main parameters of these

optical components are listed in Table 3.1.

Table 3.1 Parameters of the DVD+R/RW System

LD Parameters

Wavelength

Astigmatism Distance
Astigmatism Degree in X / Y direction
Collimator Parameters
Numerical Aperture

Focal Length

Objective Lens Parameters
Numerical Aperture

Focal Length

Astigmatic Lens Parameters
Numerical Aperture

Focal Length 1

Focal Length 2
Photo-detector Parameters
Length in X & Y Directions
Division Line

Disc Parameters

Type

Groove

Refractive Index of the Substrate

Reflection Coefficient — Crystalline / Amorphous

Servomechanism
Focus Servo
Tracking Servo

Value
660 nm
0.001 mm
9.5 ° / 17°
Value
0.1116
17.8 mm
Value
0.65

3.05 mm
Value
0.128
2.112 mm
2.217 mm
Value
0.058 mm
0.004 mm
Value

DVD+R/RW
Trapezoidal pre-groove

1.58

0.55 / 0.38

Type

Astigmatism Method
Push-pull Method
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3.1.3 Simulation Tool

Numerical calculations for this study was accomplished by use of
DIFFRACT™, a FORTRAN-based diffraction modeling program that was
created as a general purpose tool for optical data storage research. The user
has a various functions of which different lenses, polarization optics, media,
and detectors can be selected. DIFFRACT™ permits the user to choose
different light beam distribution as the initial beam, and then it manipulates
the propagation of this beam through the optical system by a plane-wave
decomposition approach and Fourier techniques as mentioned in Chapter 2.
The polarization state, intensity and phase of the propagating beam, as well as

detector outputs, are available at any position along the optical path.
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3.2 System Construction

In this section, three key optical component in the simulation model are
verified by comparison the simulated results and the specifications offered by

the each original company.
® Laser Diode

The verification begins with the discussion of the laser diode, since many
optical components are chosen to match the properties of the laser diode. The
light is emitted from the facet which has unequal width and length. As a
result of this aspect ration, the divergence angles are different in the direction
parallel and perpendicular to the laser junction. The spatial profile of the laser
beam is therefore elliptical. A additional characteristic of the output laser
beam is the astigmatism which leads to the different focal point of the beam

parallel to the junction and that perpendicular to the junction.

The method used to verified the laser diode property is that the to make
sure the divergence angle of laser diode simulated by the software is the same
as that of the specification. Firstly, the intensity distribution is retrieved from
the software. Secondly, the transformation of the intensity distribution from
the distance to the angle is made to compare the divergence angle between

the simulated results and the specification, which is sketched in Fig. 3.2-1.

d=radius of the mesh d =1000A x tan60° = 17324
. P 1732*2
z=1000 L NDSP =121=> INTERVAL =
L 3464
i 122
N 8., =tan” (——=="). n = angle
60 ad ( 10002’ ) g
« 180°

Hdeg = grad
:

Fig. 3.2-1 Transformation from distance to angle
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The comparison is shown in Fig.3.2-2.

LD Far-field-pattern (Relative intensity v.s. Angle)

1 T T T i
! ! I |==Simulated X-Dir.
09F-----1-----4--——-Jb}\----- I {—simulated Y-Dir.|
| | | |== Real X-Dir.
o_s——————:———————‘ ———————— _ |=Real Y-Dir. 4
T
|
207~~~ ‘L 77777777777777777777 ‘L 777777
E\/ | |
206F———-—— - - --H+----=-=-=-- + - ===
5 | |
< | |
FC-"O.5 777777 e I i et
= ! Y-Direction
-EO.4 ****** T~~~ \W - —r—"--- T~ ——1
8 | |
L | |
10.3******‘********* T T4 77777777.‘7 777777
! X-Direction
0.2777777‘777777777 77777777‘7 777777 _
| |
Lo b1 L
01 | |
| |
o ! .
-60 -40 20 20 40 60

Fig. 3.2-2 The comparison of simulated results and the specifications of the

laser diode

The comparison shows that the simulation is authentic and the
divergence angle of the simulated versus the intensity distribution is matched

together between the simulation and the specification.

® (Collimator

The collimator will determine the amount of overfill of the lens (i.e. the
amount by which the diameter of the incident light beam exceeds the aperture
of the collimator) and this will affect the size of the focused spot on the disc.
The method used to check the validity of the simulation is the comparison of
the rim intensities. Fig. 3.2-3 shows two rim intensity plots of the simulation
model and the real case. The comparison is made at the rim of the collimator
(aperture diameter = 4 mm). The error in x and y direction is below 10%

which is acceptable for further simulation.
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oo ? DIFFRACT

0.00%

%

1 15 29 43 57 71 85 99 113 127 141 155 169 183 197 211 225 239 253

(Aperture =4 mm) Real (a.u.) | Simulated (a.u.) Error (%)

X Direction 35 32 8.57

Y Direction 65 71 9.23

Fig. 3.2-3 The comparisons of the rim intensities between the simulation and

the real case

® Objective Lens

The objective lens is the key component used to achieve the diffraction-limit spot
size on the disc. The most important feature of the objective lens is the spot size and
the checkpoint here is the ratio of the spot size between the simulation and the real
case. The simulated FWHM spot size in the x- and y-direction is shown in Fig. 3.2-4.

In this study, the author uses DIFFRACT™ as the simulation tool to simulate the lens
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property in the ODS system. Fig. 3.2-4 is the caption of the output signal generated by

DIFFRACT™.

PEAK INTENSITY AND Fi¥HM
RARARERELRARARK LA LRERE

Z-component of polarization 1s unavallable but may be computed 1 necessary
Eeeits EE et ss s EE et ss s EE et ss s PRt Pty

Include Z-component of polarization (Y/N)? N

Flease stand by...

Peak Intensity= .6Z7E+00  XPEAK= .00 YPEAK= .00

Save Peak Intensity, XPEAK, YPEAE in SIGNAL array by entering their
respective ID numbers in the range [0-99] (1DL, IDZ, 1D3): 10 Ll L2

Compute FWHM of the beam or return to menu (C/R)? C
Direction along which FYHM is measured (Theta:0-180): 45, 000000

Theta= 45.00 FitHM= .86

To save FHHM in SIGNAL array enter its 1D in the range [0-99]: L5
Press RETURN to continue...

Compute FWHM of the beam or return to memnu (C/R)? C

Direction along which FYHM is measured (Theta:0-180): 135, 000000
Theta=135. 00 FiH)= .78
Directions X Y Ratio (X/Y)
Real (a.u.) 0.505 0.460 1.097
Simulated (a.u.) 0.860 0.780 1.102

Fig. 3.2-4 The focused spot size of the simulation and the real case

The intensity ratio of x-direction to the y-direction between the simulation
and the real case is almost the same and the difference can be regard as the

numeric error.

-44 -



3.3 Tolerance Issues

As the increasing storage density of the ODS system, the depth of focus
which is inversely proportional to the square of the NA becomes smaller. The
depth of focus defines the accuracy with which the objective lens position
must be maintained with respect to the disc surface. The smaller the depth of
focus, the less tolerance the system has for the media tilt, the more difficult job
for the focus servo. The tilt and defocus are two common error in the ODS
system, and the influence of these two errors will be introduced in the

following sections.

3.3.1 Tilt Effects

The disc tilt will produce aberrations that consist primarily of coma with
a slight amount of astigmatism.!'?l The focused spot shows the expected
spreading of the light resulted from coma aberration in the direction of tilt, as
illustrated in Fig. 3.3-1. The primary coma aberration caused by disc tilt is

considered and calculated from equation shown in (3.3-1):

Wg 1. 3 d 1 3.3-1
z‘_zNAﬁn*z(l_nzj G)

where {3 is the tilt angle with respect to radial direction, and d is the substrate

thickness, and n is the refractive index of the substrate.

- 45 -



Fig. 3.3-1 The focused spot with coma aberration of -1A

The coma aberration Wps is about -1A with f =1.5° d = 0.6 mm, and n =
1.58, respectively. The disc tilt distorts the shape of the focused spot and the
aberrated spot may cover the neighboring tracks which lead to a crosstalk and
produce an offset of the focused spot from the center of the track. The
amplitudes of the readout and the servo signal drop in magnitude as the tilt
becomes larger. These drops in magnitude is owing to the vignetting (i.e.,
deviation of the beam from its nominal return path) and the broaden spot
size.

From the DVD specification, the tolerance of the radial tilt and the
tangential tilt should be less than +0.8° and +0.3°, respectively. The deviation
of the tilt angle is more and more serious with the radius. In the next
generation systems which use shorter wavelengths, tracking servo becomes
more sensitive to disk tilt because of the increased thickness of the substrate
and the increased N.A. of the objective lens.!"¥ The spot on the disc with coma

aberration is not perfect circularly symmetric any more.
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3.3.2 Defocus Effects 4

When an optical disc is read, the most important aberrations induced by
the defocus effect are defocus (W20) and spherical aberration (Wai). The
defocus aberration and the spherical aberration are considered and calculated

from the equations shown below:

V\;fo _ n2—1 N//;2 Ad (3.3-2)
n

V\i{m _ n82 —31 Nﬁ“ Ad (3.3-3)
n

where Ad is the defocus distance from the ideal focus position, NA is the
numerical aperture of the objective lens, and n is the refractive index of the

substrate. The aberrated spots on the focal plane are shown in Fig. 3.3-2.

(a) (b)
Fig. 3.3-2 The focused spot with (a) spherical aberration, and (b) defocus

aberration of -1A

The thickness variation of the transparent substrate of the optical disc is
the key characteristic for an optical disc and has a great influence on the

readout and servo signal. The spherical aberration can be corrected by the
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objective lens which is designed in such a way that the spherical aberration
has been compensated. The defocus aberration results in the change in the
depth of focus which leads to a tighter tolerance in focus servo.

In an optical drive, the zero crossing point of the FES is not coincident

with the minimum jitter point, as illustrated in Fig. 3.3-3.

A Jitter vs. Defocus

Minimum Jitter Point

Fig. 3.3-3 The relationship between the FES and the plot of Jitter vs. Defocus

The defocus distance is defined as the ratio of deviation of the FES level
at the minimum jitter point from the reference voltage (V.), as formulated in

(3.3-4).

Defocus = —— x100% (3.3-4)
a+b
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3.4 Jitter Analysis

Jitter is the standard deviation of the time variations of the binary read
signal. The binary read signal is created by a slicer, after feeding the RF signal
from the RF signal channel through an equalizer and the low-pass filter. The
jitter of the leading and trailing edges is measured relative to the phase-lock
loop (PLL) clock and normalized by the channel bit clock period. In other
words, the jitter expresses how much the structures (marks) recorded to a disc
deviate from the length they are supposed to have. Jitter should be as low as
possible to provide a reliable readout signal, but there are many causes will
lead to jitter such as the noise of the optical components, the inter-symbol

interference, and the variation of the embossed or burn marks, etc.
There are two kinds of definitions of jitter:

1. Time Interval Analysis (TIA)1: The TIA test will create a histogram of the
length variations of each mark length. Due to the imperfection, marks will
never have the exact length they are supposed to have (3T, 4T, 5T... 10T, 11T
and 14T), but will differ more or less. A perfect test result shows spaces
between each peak which means that marks supposed to have a length
variation x which is always in -0.5~+0.5 so that we can distinguish each peak
easily. The standard deviation of the results of this test is the Jitter, which is
shown in Fig. 3.4-1. This is the general method adopted by the optical disc

drive.

2. Window occupation: The detection window is defined as the width of 1T
(1T=0.133um), and the jitter is defined as the width of the signal at the

crossing-point of the RF signal. The window occupation is the ratio of the
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jitter to the length of the detection window.

distributi
Inner Zone ruton
Middle Zone
Outer Zone
y — Time (nsec)
PIE : max: 11, total: 13654, bad: 0
PIF s max: 2, totak 212, bad: 0 . . _— .
e s % Definition of Jitter
TATestZone1 avg 11.2-3T-117/147:12.2,10.3.106,11.0,11.2,11.1,11.0, 11.0, 10.8, 9.0

TATestZone2 avg 125-3T-117/14T:14.2,11.4,11.1,11.9,11.9, 115,115,115, 114,93
TATestZone3 avg 130-3T-117/147:14.9,11.7.11.4.124,12.4,120,11.8.11.9,123,97

— Jitter = o
Time Interval Analysis (TIA) *

Fig. 3.4-1 Time interval analysis and the definition of jitter

The Crossing Point

of the eye-pattern

jitter

- A

T_“:; 05 : Threshold

> TR ) ® \Window occupation

= A/ Tw
Detection i/vindow T, ® Window Margin
0 : =1-(A/Tw)
0.5 0 0.5

Beam position (T,) where Tw = 0.133 um (1T)

Fig. 3.4-2 Window occupation method

These two kinds of methods provide a possible way to observe the jitter
which is an important evaluation factor of the readout signal in the ODS
system. In this thesis, the widow occupation method is used to calculate the
jitter of the simulated ODS system. The window occupation method is easier
to obtain than the TIA method does but still can give a correct trend of the

quality variation of the readout signal.
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3.5 Summary

In Chapter 3, the simulation condition is revealed in the first section, and
the readout model based on the Babinet principle is introduced. The readout
signal can be generated by the method of superposition of the sequential
marks will demonstrated in Chapter 4. The tolerance analysis and the jitter
analysis presented in Chapter 3 will be used to analyze the ODS system with

tilt and defocus.
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Chapter 4

Simulation Results

In Chapter 3, the optical model based on the aforementioned principles is
built and the tolerance and jitter analysis are introduced for emphasizing the
influence of the tolerance and the aberrations on the readout signals. The
results of Chapter 4 are obtained by the Babinet principle and the jitter

analysis mentioned in the Chapter 3.

4.1 Results 1 - Readout Waveforms

The readout signal, an electronic version of the data information on the
disc, can be processed to determine the disc quality. The signal reflected from
the disc is comprised ten discrete frequencies, corresponding to the ten
discrete pit or land of different lengths. Note that the various frequencies
modulate the intensity of the reflected light with the different pit or land
lengths. The highest-frequency component, called 3T, is generated by the
shortest pit or land length and the lowest-frequency one, called 14T, is
produced by the longest pit or land length. The signal reflected from the disc,
produced by encoding procedure, is often called the RF (radio frequency)
signal. The varying periods of the sine waves correspond to the periods of

time required to read the various pit lengths.

The RF signal is generated by the superposition of the sequential marks

based on the Babinet principle. There are two steps in this method: in the first
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step, the isolated signals from different lengths of the pits on the disc are
extracted from the signal file generated by the simulation tool. The reflected
intensities of the isolated marks are shown in Fig. 4.1-1. The signals of the
photo-detector are modulated by the lengths of the pits from 3T to 14T
(without 12T and 13T) which can be observed in Fig. 4.1-1 from the left to the

right.

Readout Signals of the Isolated Marks

-0.05

1
o
=

-0.15

-0.25

Detected Signal (a.u.)
o
N

1
©
W

-0.35

-0.4

Mark Length (T)

Fig. 4.1-1 The readout signals of the isolated marks from 3T to 14T (without
12T & 13T)

In the second step, the isolated signals of the pit lengths from 3T to 14T
(without 12T & 13T) is manipulated by Matlab® with the method of random
overlapping the isolated signals to exhibit the eyepattern observed on the
oscilloscope. The readout signal, called RF signal or eye-pattern, is formed by

superposition of a sequence of isolated marks of different pit lengths with
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varied land spacing offsets and overlapping the signals of the isolated marks
more than 300 times to obtain the a close result compared to the experimental
result. As revealed in Fig. 4.1-2 and Fig. 4.1-3, the trigger level is different, and
therefore the direction is opposite. Nevertheless, the eyepatterns in two
figures are very clear and similar. As you can observed in Fig. 4.1-1 and Fig.
4.1-2, there is an error (depression) near the peak value of the mark length 3T.
This nonlinear phenomenon arises due to the inter-symbol-interference in the
readout waveform because the size of the laser spot approaches to that of the

length of 3T.[""]

Simulation Result of the Readout Signal (Eyepattern)

o\ (T
_— m iy /w
BV
? ‘.\‘M A /AVAV\‘/A\AV
: ) N
. | A X0 A.AA&A X0 .A;A

Mark Length (T)

Fig. 4.1-2 The simulation result of the readout signal (eyepattern)
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Fig. 4.1-3 The experimental result of the readout signal (eyepattern)

0.1

-0.2’ Iu 13

10 15 20 25 30 35 40 45

Fig. 4.1-4 Readout signals from spaces and marks

From the DVD+R specification, the readout signal, also known as RF

signal, is obtained by summing the currents of the four elements of photo
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detector, as illustrated in Fig. 4.1-4. These currents are modulated by the
information recorded as the marks and lands on the information layer of the
disc. The amplitudes of these modulated signals should follow the

requirements listed in (4.1-1) and (4.1-2).0%

L5 5150 (4.1-1)
14
LT
5% <|-2 2 |<15% (4.1-2)*

where the amplitude 1, is the peak-to-peak value of the RF signal generated

by the longest mark (14T). The amplitude |, is the peak-to-peak value

generated by the shortest mark (3T). (4.1-2) is called the signal asymmetry
(Beta) which shows how well pits and lands on a disc are balanced. These two
requirements are used to give a qualification analysis of the reliability of the

simulated readout signal.

Table 4.1 The comparison of the requirements between experiment and

simulation results

LA a1
|14 2| 2 (%)
14
RF signal (Experiment) 39.20 8.50
RF signal (Simulation) 73.58 13.21
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From the comparisons, two conclusions can be drawn as listed bellowed:

1. The simulated RF signal has a better amplitude ratio (73.58%) than the
experimental result (39.20%). Because the simulation model is ideal, which are
no aberrations or tolerance issue are considered, the simulation results shown
the higher signal contrast ratio make sense.

2. The RF signal of the experiment has a better beta value (8.50%) than the
simulation result (13.21%). The overlapping sequence can not simulate the
situation of the real case in an accurate way, and therefore the balance
between the pits and lands of the simulation result is poorly compared with

the experimental result.

* This is the modified signal asymmetry condition, the original formula from the specification

is as followed:

|14H +|14L 7|3H +I3L
5%<|—2 2 |<15%

14

But the [14z and I3 are coincided with the zero level which is measured when no disc is

inserted and the [z and 31 are the same as i« and Is.
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4.2 Results 2 — Servo Signals : FES & TES

The servo signal is a very important factor for maintaining the spot on the
desired track of the information layer. The laser spot is feedback control by
the focus and tracking methods mentioned in the Chapter 2. The astigmatism
method and push-pull method are adopted in the proposed model for the
focus servo and tracking servo, respectively. The reliabilities of these two

signals are inspected in the following.

® Focus Error Signal (FES)

The FES is produced by the astigmatism method under the condition of
DVD+R disc without pre-groove structure on it. The corresponding intensity
distributions of the laser spot on the photo-detector at the three positions: (a)
M (too-near), (b) P (in-focus), and (c) N (too-far) are shown in Fig. 4.2-1. The
image position is changed with the disc position in the axial direction and the
intensity pattern on the photo-detector is varied with the near (far) disc
position to form the transverse (perpendicular) ellipse. According to this
change in shape of the intensity pattern on the photo-detector, the FES, called

S-curve, is created to feedback control the spot position in axial direction.
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Collimator Beam Splitter  Objective Lens

Laser Diode ] :

Astigmat

Ed

(a) (b) (©)

Fig. 4.2-1 The astigmatism method and the intensity distributions at position

(a) M (too-near), (b) P (in-focus), and (c) N (too-far)

The S-curve is obtained by moving the position of optical disc in
opposite directions, and the result is compared with the experimant to
confirm the correctness of the generated FES. The comparison of the

simulated S-curve and the experimental result is shown in Fig. 4.2-2.
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The Comparison of the FES between the Simulation & Real Case

1.0 By A

== ==Simulated

== m == Real

Defocus (1)

Fig. 4.2-2 The comparison of the FES between the simulation result and the

experimental result

Whenever the optical drive is on, the first movement of the optical drive
is to move the pick-up head to focus the laser spot on the information layer of
the disc according to the FES provided by the focus servo. The linear range of
the S-curve is the key factor for the focus servo, and the larger linear range
makes the laser spot easier to achieve in focus. The linear range of the
experimental result and the simulation result are listed in Table 4.2, which
show the linear range of the simulation model (14.5A) can satisfy the condition

of the experiment (15A).
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Table 4.2 The comparison of linear ranges

Linear Range (1)

Simulated S-curve

14.5

Experimental S-curve

15.0

When the laser spot is in focus, the total reflected light from the
information layer is maximum and the FES is approach to zero
simultaneously. The total reflected intensity drops rapidly with the defocus
distance from the focal plane. The relationship between the FES and the sum
of the photo-detector is shown in Fig. 4.2-2. The sum signal of the
photo-detector drops almost to zero within the boundaries of the linear range
of the FES. In Fig. 4.2-3(b), it shows a experimental results which gives a close

agreement with the simulation. Note that the oscillation near the peak of the

sum signal is caused by the recorded marks on the disc.
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(b)
Fig. 4.2-3 The relationship between the FES and the sum signal on the

photo-detector: (a) the simulation result, and (b) the signals from oscillator
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® Tracking Error Signal (TES)

The tracking method in the proposed model is the push-pull method,
which generate the TES by the difference signal between the two halves in the
Read channel two when the focus of the laser spot scans cross the tracks. The
TES peaks when the laser spot passes over the edge between the land and the
groove and reset to zero when the spot is at the center of the track or land.
The split detector can sense the relative position of the spot to the track center,
and provides a feedback signal to the close-loop servo.

From the DVD+R specification, the peak-to-peak value of the push-pull

signal shall meet the following requirements®!:

0% < [(|A+|B)—(|C+|D)] < 60%
_[(|A+|B+|C+|D)max+(|A+|B+|C+|D)mm]_
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4.3 Results 3 — Tolerance Analysis

The tolerance issue is the most important factor for the stability and the
reliability of the optical drives. Tilt and defocus are two main tolerances
should be paid a close attention. In this section, these two key elements are

analyzed and discussed.

4.3.1 Tilt

The tilt of the objective lens or the disc will result in the distribution
variation of the laser spot on the information surface with different tilt angle.
(3.3-1) is adopted to simulate the coma aberration introduced by the tilt effect
and such aberration is added onto the objective lens. The coma aberration W(3
is about -1A with = 1.5°, d = 0.6 mm, and n = 1.58, respectively. The

simulation result of the RF signal with radial tilt of 1.5 is shown in Fig. 4.3-1.

The RF Signal with Radial Tilt of 1.5 Degree

0.02

0.01

-0.01

Detected Signal (a.u.)

-0.02

-0.03

-0.04
0
Mark Length (T)

Fig. 4.3-1 The RF signal with radial tilt of 1.5
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Compared with the result shown in Fig. 4.1-2, the amplitude of RF signal
decrease about a half of the ideal case and the eye-patterns in the RF signal
become blurred. The jitter and amplitude of the eye-pattern with radial tilt of
1.5° is increased and decreased by a factor of 3.55x and 0.45x, respectively. The
experimental results of the RF signals with different tilt angles are illustrated
in Fig. 4.3-2. As the tilt angle increases, the amplitude of the RF signal reduces
and the eyepatterns becomes vaguer from 0" to 30". The results are in close

agreement with the calculated results.

(a) (b)

() (d)

Fig. 4.3-2 The tilt effect upon the RF signal with different tilt angles: (a) 0°, (b)
107, (c) 207, (d) 30
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The jitter value expresses how good the signal is and provides an easy
way to evaluate the quality of the disc. The window occupation method is
used for calculating the jitter in our simulation model. The jitter value is
obtained by measuring the lateral deviation of mark length of 3T. The lateral
deviation is defined as the distance between the positions of the zero crossing
point of the simulated signal and the ideal signal of 3T. The variations in the

amplitude and the jitter are shown in Fig. 4.3-3.

L) L) L) L) L) L) L) 0.025
0.024
0.023 =
]
>
2 0022 3
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0.018
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0 10 20 30 40 50 60
Radial Tilt (")

Fig. 4.3-3 The relationship between the radial tilt and the jitter value and the
RF amplitude

From Fig. 4.3-3, the decreasing tendency in the amplitude of the RF signal
is the same as the results mentioned in Fig. 4.3-2. The reducing amplitude let
the photo-detector difficultly to read the returned signal. Meanwhile, the jitter
goes up as the function of the tilt angle. The rising jitter result in the

misjudgment of length of the original signal, e.g. the mark length of 3T maybe
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regard as 4T. This leads to the readout error during reading the disc.

There are two directions of tilt in the ODS system: the radial tilt and the
tangential tilt. The plot in Fig. 4.3-4 shows the experimental results of the
amount of jitter versus the corresponding tilt directions. As depicted in Fig.
4.3-4, the radial tilt has lower jitter value than the tangential tilt at the same tilt
angle. This implies that the optical drive can endure lager tilt angle in the
radial direction than in the tangential direction. The reason why the radial
direction has a larger tolerance lies in the aberration caused by the tilt. The
aberration formed by the tangential tilt leads to a tail of the laser spot in the
direction along the track which is reading. The tailed laser spot will illuminate
the mark nearby and make the reflected intensity distribution altered. The
change impact on the shape of the readout signal of each mark length and

generate a larger jitter value.

L) v L) w L) v ) L! LI v L) v L)

20 |-

19 |-

18 |-
17 |-
16 |-

15 |-

Jitter (%)

14 |-
13 |-
12 |-

11 |-

10 |-

Tilt Angle (")

Fig. 4.3-4 The influence of the radial and tangential tilt on the jitter (DVD+R)
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4.3.2 Defocus

In our simulation, the process is divided into two steps. At the first stage,
the disc is moved in the axial direction to generate a FES. The definition of
defocus used in this simulation is modified from that of the original optical
drives. To simplify the problem this study assumes that the position of the
minimum jitter is coincident with the zero crossing point of the FES without
loosing the accuracy. This assumption is under the condition that all the other

imperfections are eliminated except the defocus.

(m'e) NS

FES (a.u.)

Defocus (1)

B

A

23

Fig. 4.3-5 The linear range of the FES and the three cross-sections of the

intensity distributions at A. too-near, B. in-focus, and C. too-far positions
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The linear range of the FES from point A to point C is indicated in the Fig.
4.3-5. The minimum (point A) and maximum (point C) of the FES are at 4603\
and 4635A, and the in focus position is 4621A. Note that the linear range is not

symmetric at the zero point B.

At the second stage, the disc is moved within the linear range from point
A to C to simulate the movement of the objective lens. The jitter of marks of 3T
is measured and the jitter value is graphed as a function of the defocus in the
two opposite directions, as shown in Fig. 4.3-6. It is known that the lowest
jitter is located at the focal point as shown in the simulation result. The
defocus also leads to an increasing jitter with the distance from the focal

point.

The experimental result of the jitter versus the defocus is shown in Fig.
4.3-7. Note that the defocus is defined as the percentage of the offset which is
defined in (3.3-4) and the jitter is measured by the TIA method. Although the
definition is different, that compared Fig. 4.3-6 with Fig. 4.3-7 demonstrates a
close agreement in the shape of the plot. The tendency of the jitter affected by

the defocus effect can be simulated with the proposed model.

- 69 -



Jitter (%)

4600 4605 4610 4615 4620 4625 4630
Defocus (1) (fOB]=46217\.)

4635 4640

Fig. 4.3-6 The simulated jitter value as a function of the defocus distance

Jitter (%)

Defocus (%)

Fig. 4.3-7 The experimental jitter value as a function of the defocus distance
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4.4 Results 4 — The Crosstalk between FES & TES: Feedthrough

Two servo mechanisms in the ODS drive, the focus servo and the tracking
servo, are usually embodied with the common optical path, and share the
same detector. In an ideal drive, these two signals should be mutually
independently, e.g. a disturbance of track seeking should not affect the FES
and vise versa. But the crosstalk between the FES and the TES is always
present, even in an ideal system. In the final part of this thesis, the
dependency of the feedthrough on the intensity distribution of the light beam

on the photo-detector and the origins of the feedthrough are studied.

The feedthrough will impact the reliability of all kinds of focus-servo and
tracking-servo systems in use today. However, this thesis will focus on the
astigmatism focus servo method which is the most commonly used in the

ODS system, as shown in Fig. 4.4-1. 17081041

Beam Splitter
Laser Diode AT ey g Disc (Pregrooved)

AN

Track Direction

ya N

Collimator N Objective Lens

” Astigmat
N7/
—

Top View of the PDIC !

Fig. 4.4-1 The astigmatism focus servo method and the layout of the track

direction and photo-detector
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The light is focused by the objective lens onto the grooved disc. The
reflected light is collimated again and brought to the astigmatic lens whose
axis is at 45" to the x-axis to generate two foci and to focus the light onto the
photo-detector located at the midpoint of the two foci. When the spacing
between the disc and the objective lens is moving away from the optimum
value, the intensity distribution on the photo-detector varies with the defocus

from circular shape to two perpendicular elliptical shapes.

The key factor of inducing the feedthrough is the grooved optical disc,
which acts like a diffraction grating. The diffraction from the edge of the
groove and the land leads to different diffraction orders which are the
undesired variations for the focus servo system and the cause of the
feedthrough. When the light is crossing the tracks, the reflected light diffracts
to several order beams which form an interference pattern collected by the
objective lens. The amount of the overlapped region depends on the
numerical aperture and the diffraction angle of the higher diffraction orders,

as shown in Fig. 4.4-2.

Land / Groove Structures

~ 0 LA

+1 -1

Fig. 4.4-2 The diffraction of the incident wave by the groove structure
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The intensity distributions of the overlapped regions are determined by
the relative phase difference of the zero order and the +1 orders. The intensity
distribution on the photo-detector changes as the radial position of the laser
spot on the disc moves with respect to the edge of the groove and the land
structure. As a result of the track seeking operation, the intensity pattern on
the photo-detector varies greatly during the track crossing. This variation
infers that even in the ideal (aberration-free) astigmatism focus servo system
the feedthrough is always present because of the groove structure of the

writable or re-writable discs.

FES (a.u.)
(ne)s3ay

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

Displacement from Land Center (1)

Fig. 4.4-3 The FES and TES of the ideal ODS system with an aberration-free

objective lens

The simulation results of the FES and the TES in an ideal astigmatism
focus servo system during track crossing of one trakcpitch are shown in Fig.
4.4-3. Compared with the TES, the feedthrough, a false FES, is moderate and

tolerable in Fig. 4.4-3 when the laser spot is crossing one trackpitch. Note that
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even though the system is ideal, the small amount of feedthrough, the

variation of the FES during track crossing, still exists.

The aberrations presented in the ODS system have a large influence on
the feedthrough and the degree of influence on the feedthrough depends
upon different kinds of aberrations. Because the groove structure on the disc
is acted like a shearing interferometer* which produce two laterally shifted
diffraction orders that interfere with the zero order beam. The interference
pattern in the overlapped region will be easily affected by the aberrations
introduced during the propagation. From the prior studies, it is believed that
the most common aberrations which will lead to a feedthrogh effect are the
astigmatic and coma aberrations. Consequently, the effect of these two

aberrations on the feedthrough will be simulated and discussed.

The first introduced aberration is.coma aberration which is oriented with
its tail perpendicular to the track and such aberration can be induced by the
disc tilt or the surface variation of the substrate. Fig. 4.4-4 shows the
simulation results of the TES and the feethrough (a false FES) with 0.25A coma
aberration. The shape of the TES is distorted by adding the coma aberration
on the objective lens. The tail lies in the radial direction which make the zero
point of the TES no longer located at the groove or land center. Nevertheless,

the effect of coma upon the feedthrough is insignificant.

* Shearing interferometers produce two beams which are laterally g:ient %flatll:slt

shifted. Interference fringes can only be observed in the overlapped 0 ry

region. The fringes in the interferogram indicate curves of constant

optical path difference between the doubled and shifted wavefronts. iy ] 1 ) Shearing
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Fig. 4.4-4 The FES and TES of the ODS system with an objective lens of 0.25 A

coma aberration

As mentioned in the previous literature, the most serious situation which
deteriorate the feedthrough is when the astigmatic line foci are oriented +45°
with the track. ¥l The astigmatism which is parallel or perpendicular to the
track has a minor influence on the feedthrough. Fig. 4.4-5 demonstrates the
worst case of the feedthrogh induced by the 45° astigmatism. The
peak-to-peak value of the feedthrough is in the same order to the TES. This
causes the focus servo to react to this feedthrough level but in fact the laser

spot is focused on the desired information layer.
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Fig. 4.4-5 The FES and TES of the ODS system with an objective lens of 0.25 A

astigmatism aberration

I v ) v 1 - ) > ) J I v I
0.4 T R T — T -
| —=— |deal Case |
03 —eo—0.25 1 Coma
] —4a— (.25 ) Ast.
0.2
:_; 0.14
3 -
v 0.04
L .
LL
-0.14
-0.24
-0.34

¥ T T T T T T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
Displacement From Land Center (1)

Fig. 4.4-6 The comparison of the false FES (feedthrough) with different

conditions
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The comparison of the feedthrough with three conditions is graphed in
Fig. 4.4-6. This figure confirms the fact that the 45 degrees astigmatism has

much larger impact on the feedthrough. The extremes of the feedthrough

correspond to the track center and the groove center.

Fig. 4.4-7 The simulated intensity distributions and the contours on the
photo-detector for (a) ideal case and two extremes of the feedthrough signal

with astigmatism aberration: (b) at the land center, and (c) at the groove center

From Fig. 4.4-6, the extreme positions of the feedthrough occur at the
groove/land center and the intensity distributions and the contour plots on
the photo-detector at these positions are plotted in the Fig. 4.4-7. The results in
Fig. 4.4-7(a) are ideal case when the objective lens is free from aberrations for
reference. Note that by superimposing the photo-detector boundaries upon
the contour plots, one can observe that the intensity distribution is symmetric

with the boundaries of the photo-detector. The symmetry of the intensity
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pattern on the poto-detector plays an important role on the generation of the
feedthrough. The plots of Fig. 4.4-7(b) and (c) where the laser spot are located
on the groove and land center show the obviously asymmetric properties with
the detector boundaries. The asymmetrical diagonal intensity distribution of
the returning beam owing to the groove structure of the disc leads to a more
serious false FES. The phase of the returning beam during the seek operation

is shown to have a negligible effect on feedthrough for the astigmatic method.
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4.5 Summary

The readout signals of the ODS system are obtained by superposing the
isolated marks and successfully demonstrated the validity of the proposed
readout model. Two servo signals are also acquired by the astigmatism and
push-pull method and tested with the specification for correctness. The tilt
effect in the ODS system results in the increasing in jitter and the decreasing
in amplitude of the eye-pattern, respectively. The plot of the defocus versus
the jitter is compared between the simulation and experiment results and
shows a close agreement. The feedthrough are introduced and discussed at
the end of Chapter 4. The feedthrough is an inherent problem of the disc with
grooves structures on it. The aberration presented in the ODS system will
deteriorate the feedthrough because of the distorted intensity pattern

introduced by the aberrations.
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Chapter 5

Conclusion and Future Works

5.1 Conclusion

An optical model combined the prior principles in the literatures and
innovative approaches to generate the signals in the ODS system was
proposed. The proposed model was demonstrated that the simulations and

the experiments are in good agreement.

The RF signal is formed by superposition of a sequence of isolated marks
of different pit lengths with varied land spacing offsets and overlapping the
signals of the isolated marks more than 300 times to obtain the a close result
compared with the experiment. The simulated RF signal has a better
amplitude ratio (73.58%) than the experimental result (39.20%). Because the
simulation model is ideal, which are no aberrations or tolerance issue are
considered, the simulation results shown the higher signal contrast ratio make
sense. The RF signal from the experiment has a better beta value (8.50%) than
the simulation result (13.21%). The overlapping sequence can not simulate the
situation of the real case in an accurate way, and therefore the balance
between the pits and lands of the simulation result is poorly compared with
the real case. The FES and TES are checked with the specification
requirements for validity. The linear range of the experiment and the
simulation results show the linear range of the simulation model (14.5 1) can

satisfy the condition of the experiment (15 1).

-80 -



The tolerance issues are combined into analysis. The tilt effects
introduced by the objective or disc are incorporated into the objective lens.
The tilt gives rise to the increasing in the jitter value and the decrease in
amplitude of the readout signals. The jitter increases 3.55x and the amplitude
of the eyepattern decreases 0.45x. The rising jitter results in the misjudgment
of length of the original signal and cause the readout error during reading the
disc. The radial tilt has lower jitter value than the tangential tilt at the same tilt
angle. This implies that the optical drive can endure lager tilt angle in the
radial direction than in the tangential direction. The defocus should be
measured and adjusted before the readout process to attain maximum
readout amplitude. Although the definition used in the proposed model is
different from the traditional optical drive, the results show the good

tendency of the jitter with respect to the defocus.

The feedthrough is an inherent problem of the recordable disc with
groove structures. The aberrations presented in the ODS system will
deteriorate the feedthrough because of the distorted intensity pattern
introduced by the aberrations. The most serious situation happens when the
astigmatism of the spot inclines 45° to the track. By superimposing the
quadrant photo-detector boundaries on the contour plots, the cause of large
feedthrough is easier to visualize. Because the FES is the difference of the
diagonal sum, the asymmetry in the diagonal direction will lead to a serious
feedthrough effect. The phase of the returning beam during the seek
operation is shown to have a negligible effect on feedthrough for the

astigmatic method.
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5.2 Future Works

The kernel of the future work lies in the transition of optical model from
DVD system to the higher capacity system, such as Blu-ray and HD-DVD
systems. As illustrated in Fig. 5.2-1, the trackpitch the minimum mark length
and the thickness of the cover layer are narrowed down to 0.32, 0.15 and
0.1lmm, respectively. Reducing the trackpitch and pit length, Blu-ray disc
(25GB) realizes around 5 times as much recording capacity as DVD (4.7GB).
The lengths adopted in the model are normalized by the wavelength of the
laser diode by the software, and therefore the transition of the dimension
would be easy for upgrade. But the system in the Blu-ray or HD-DVD are
much more complicated compared with the DVD system, the optical model

should be constructed with more effort.

DVD (4.7 GB) BD (25 GB)

substrate/é
minimum Y
pit length /rack tch  Minimum
0.4 um Sl _.40 P mark length

;/ b N/ 0.74 um \ 015 um =

| ) -
A recording o
= layer

optical transmission & protection layer

track pitch
0.32 um

Fig. 5.2-1 Blu-ray disc technology %

The tolerance becomes an issue when the dimension of the disc is changed.
The tilt effect of the Blu-ray system can be maintained to the same order for

disc tilt as DVD by adopting a 0.1mm optical transmittance protection layer.
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The tolerance of the disc flatness increases 1.3x and the relative cover
thickness decreases 0.9x compared with the DVD system due to the smaller

cover layer of the Blu-ray disc.?%

The servo mechanisms used in the advanced ODS system are different and
the various detection schemes, such as differential phase detection (DPD)
method, and differential push-pull method can be extended for the future

studies.
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