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ABSTRACT 

This dissertation investigates a new focus error detection technique, i.e., 

differential wax-wane focus servo, for use in optical recording systems. A combination 

of scalar diffraction modeling and experiment is used to quantify its performance. 

A brief review of optical recording is given. The performance of an optical drive 

is linked directly to its servo system. Performance parameters of focus error signals are 

discussed. A few popular focus and tracking error detection techniques are summarized. 

We concentrate on the differential wax-wane focus error detection technique. In 

order to accurately predict its performance, a scalar diffraction model is employed. 

Diffraction modeling results, such as detector alignment tolerance and effect of 

aberrations, are presented. Comparisons to the astigmatic and pupil obscuration focus 

error detection technique are also given. The gain of the differential wax-wane technique 

is two times that of single wax-wane. The lock-on range is about three times that of 

most other techniques in the configuration we studied. Without any aberration, it has 

0.04 p.m of tracking crosstalk amplitude compared to about 0.25 p.m in other techniques. 

Even if aberrations are present, the crosstalk can be eliminated by adjusting the detector 

and changing the electronic gain of the individual channels. The overall performance of 

the differential wax-wane technique is better than the other techniques. 

The design and alignment of an optical head are summarized. The optical head 

is used to test the modeling results. One factor that affects optical drives significantly 

is aberration. A phase-shifting interferometer is used to measure the wavefront of our 

optical head. The measured wavefront is implemented in our diffraction model, and an 
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excellent agreement between experimental and modeling results is achieved. 

We also present preliminary studies of a multiple beam optical head. A model 

that combines ray trace and diffraction propagation is used to analyze the focused beam 

on the disk. The focus-error signal of off-axis beams are discussed. The effects of disk 

tilt are also given. By using a two-dimensional array, the number of channels available 

can be increased with the same optics. Possible disk formats and a tracking scheme for 

multi-beam optical recording using a two-dimensional array are also discussed. 
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"Our remarkable ability to file and retrieve shared memories 

is the secret of our species' evolutionary success" 

~The Third Wave:JI. Alvin Toffler 

CHAPTER ONE 

INTRODUCTION 

In the age of information explosion, new storage technologies that are capable of 

storing large amount of electronic information are highly demanded. The electronic 

information storage market has been dominated by magnetic recording since the early 

1940's. Now, with the addition of erasable magneto-optical (MO) to the line of optical 

recording products, optical recording will gain a larger share of the market (Burke and 

Ryan 1989; Mansuripur 1993; Marchant 1990). Optical recording has many unique 

features that give it advantages over magnetic recording, such as large areal density, 

large capacity, ruggedness and most importantly, removability. However, for computer 

secondary storage applications, where speed is important, optical recording faces 

problems, such as relatively slow access time and absence of direct overwrite capability. 

The purpose of this work is to improve focus servo control so that the access time can 

be reduced. 

A comparison of various computer storage devices is listed in Table 1-1 with 

parameters reflecting performance of top-of-the-line products. The major disadvantage 

of each magnetic storage device is shown in bold. The optical disk drives do not have 

any of these disadvantages. Optical recording is the first technology that combines large 

capacity, reasonable access speed, and removability in a single device. Obviously, 

optical recording has clear edge over floppy disk and magnetic tape. However, magnetic 
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hard disk drives are much faster than optical drives. So, in the foreseeable future, 

magnetic hard disk will remain the fast-access storage device for operating systems and 

applications that are used frequently. Meanwhile, as the cost goes down, optical disks 

will replace floppy disk and magnetic tape as both a convenient file delivery medium and 

a backup for hard disk. Floppy disk and magnetic tape are low cost options. Optical 

disks will also make new applications possible, such as large on-line archive files, 

storage of high resolution image and voice files, distribution of large multimedia software 

package, etc. 

Table 1-1. Comparison of computer storage devices. 

Technology access time density capacity remov- cost 
(ms) (bits/mm2) ability 

Magnetic sequential 10" 120MB Yes low 
tape 10" 

Floppy random 2xl()l 2MB Yes low 
disk (31/2") 1()3 

Magnetic random l(f 200MB No medium 
hard disk 15 

Optical random l(f 128MB Yes high 
disk (3 Ih") - 50 

Sources: Marchant 1990; Mansuripur 1992; Byte May 1992. 

The first optical recording system demonstrated was Philip's VLP (Video Long

Play) system based on Ar+ gas laser (Compaan and Kramer 1973; Bouwhuis and 

Burgstede 1973; Janssen and Day 1973, Bouwhuis and Braat, 1978). The popular 

compact-disk (CD) products were introduced in 1983 when reliable and long-life-time 

semiconductor lasers became available. 
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The production of audio/video disks is as follows. The FM video/audio signal 

is first digitized as D's and 1 's using pulse-width modulation (Immink 1985). An Ar+ 

laser, which is modulated by this digitized signal, is used to write a photoresist pattern 

on a spinning master disk (Pasman 1985). The exposed photoresist patterns are later 

transformed into metallic bumps on the master disk. It is then used to replicate plastic 

disks for mass production. For readout, a laser beam focused on the disk scans the 

spinning disk and detects the change of reflectance to get D's and 1 'so Another read-only 

memory product, CD - ROM, employs the same technology, except digital computer data 

is recorded. CD-ROM is used primarily for distribution of digital information for 

libraries and computer software. 

Currently, there are three types of real-time optical recording technologies 

commercially available: WORM (Write-Once-Read-Many), erasable Magneto-Optical 

(MO), and erasable phase-change. The WORM drives became commercially available 

in 1986. They are mainly used for archival document storage, image storage, and very 

large on-line data bases. The 5.25" MO drives were first introduced in 1989. A few 

128MB 3V2" MO drives were introduced recently (Harvey 1992) for PC applications. 

Several different material bases exist in write-once systems, although recording 

processes in all schemes are similar. High power laser pulses heat up the recording 

medium and change the material property permanently. The readout technique is similar 

to that of the read-only system. 

Erasable phase-change systems are similar to WORM systems, but are capable 

of erasure (Chen and Rubin, 1989). Laser pulses are used to melt the recording medium 

locally. It then cools quickly enough to quench in the amorphous phase. For erasure 

of the amorphous marks, the laser beam heats the medium to a point just below the 
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melting point long enough to recrystallize. Though compatible with WORM and read

only recording, phase-change recording is less viable than MO due to poor signal-to

noise ratio in available materials. A detailed review of WORM and phase change 

recording is given by Marchant (1990). 

Magneto-optical recording is by far the most successful erasable recording 

technology. The concept of magneto-optical recording dates back to late fifties (Williams 

et al. 1957; Mayer 1958). An early favorable material was MnBi film. The recording 

method was Curie-point writing (Chen et al. 1968). Even though MnBi film showed 

large Kerr rotation angle, poor signal-to-noise ratio stalled this approach. Compensation 

point writing (Chang et al. 1965), was adopted when amorphous rare-earth/transition

metal (RE/TM) alloys were discovered (Chaudhary et al. 1973). Currently, the RE 

element of choice is terbium (Tb) while TM elements of choice are iron (Fe) and cobalt 

(Co). The RE/TM alloys are ferrimagnetic, i.e., the RE magnetic moments and TM 

magnetic moments are antiparallel. The magnetization of the recording medium lies 

perpendicular to the film plane. The compensation point can be set to room temperature 

by varying the Tb composition. At this compensation point, the magnetization of RE 

magnetic moments and that of the TM are equal in magnitude, thus the total 

magnetization is zero. Also, the coercivity approaches infinity, so the medium is very 

stable against external magnetic fields at room temperature. As the temperature 

approaches the Curie point, coercivity drops significantly. When a high-power laser 

pulse heats the local film to such a temperature, a magnetic field larger than the 

coercivity can reverse the magnetization of both RE and TM magnetic moments. The 

reversed magnetization remains frozen as the medium cools off. The area of reversed 

magnetization can represent a physical "1" surrounded by magnetization that represents 
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physical O's. By pulsing the laser beam at proper rate, a pattern of l's and O's can be 

written on the disk. The direction of magnetization of the TM magnetic moments can 

be detected by the polar Kerr effect. During readout, the polarization of a linearly

polarized light is rotated upon reflection. The rotation is either counterclockwise or 

clockwise depending on whether the TM magnetization is up or down. Thus, by 

detecting the polarization rotation, O's and 1 's can be detected. A detailed description 

of recording process and material issues is given by Mansuripur (1993). 
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Figure 1-1 Layout of a typical optical drive. 

A typical optical drive is shown in Figure 1-1. Light from a laser diode 

().. - 800 nm) is collimated and passes through a beam splitter. The light is deflected 

by a 90° turning mirror, and it is focused on the spinning disk with a high numerical 
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aperture (NA) objective lens (NA of 0.45 to 0.65). The focused spot is less than 1.0 ",m 

full-width-at-half-maximum (FWHM). The reflected light is directed to the detection 

path, which consists of focusing/tracking servo optics and data detection optics. Some 

optical drives do not have the turning mirror, so the entire optical head moves when 

accessing tracks of data. This resulted in slow access times. The split head 

configuration shown here puts much less weight on the moving part, so the access time 

is improved significantly. The weight is further reduced by using a bi-aspheric molded 

plastic/glass objective lens instead of a multi-element glass objective lens. 

Coordinate conventions in this manuscript are as follows: the z-axis is the optical 

axis, (if the optical axis is bent by a beam splitter, so is the z-axis); the x-axis is parallel 

to the plane containing the head components (when looking in the positive z direction, 

positive x is on the left-hand side); the y-axis is perpendicular to this plane, and its 

direction is determined such that a right hand coordinate system is composed, as shown 

in Figure 1-1. 

A detailed head-disk interface is illustrated in Figure 1-2. The optical disk 

consists of three layers: cover plate (substrate), recording layer with enhancement 

coating, and overcoat protection lacquer. Light first passes through the cover plate. Any 

dust or scratches on the surface of the cover plate will be out of focus, thus having little 

impact on recording qUality. The distance between the surface of the cover plate and the 

optical head is one to two millimeters, so the chance of a head crash is very small. The 

above factors allow optical disks to be removable. 

The high areal density is due to the micron-sized focused laser spot and small 

track spacing. Usually, diffraction-limited objective lenses with NA of 0.45 to 0.65 are 

used to focus the beam. The focused spot size of a laser beam is determined by 
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where d is the FWHM (full-width-at-half-maximum irradiance) of the spot. For NA of 

0.5 and wavelength of 800 nm, the resulting FWHM spot size is 0.8 ~m. A high NA 

also implies a small depth of focus. The range of acceptable focus for the optical beam 

is approximately given by 



Az - ± 0.25 A ,. ± 0.8 Jlm 
NA2 
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(1-2) 

The distance between the objective lens and the spinning disk is constantly changing. 

Distance variations are due to thickness variations in the cover-plate material and tilt 

between the disk and the mounting hub. The combination of the two effects can induce 

up to ± 100 J.(m of optical distance error. Given the large discrepancy between the 

acceptable focus range and the actual distance error, active focus control is necessary. 

Typically, an optical focus error signal (PES) is derived from the reflected beam. 

The focus error signal is used as part of a control loop, as shown in Figure 1-3, where 

GA is the gain of servo electronics, HA is the response of the actuator, and GB is the 

feedback from FES detection electronics. Feedback from the FES drives the closed-loop 

servo to maintain proper focus position on the disk. The complete control loop consists 
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ofFES, focus actuator, and control electronics. The focus actuator is usually some form 

of mechanical device that moves the objective lens in the z direction. 

The range of acceptable off-track error is ±O.l J.tm in order to retrieve data 

reliably. It is difficult to provide such an accuracy without active control. Tracking 

grooves are provided to separate adjacent tracks of data, as shown in Figure 1-2. 

Usually, the grooves have a depth around Al8 and spacing of 1.6 ",m. The interaction 

between tracking grooves and the focused beam provides the tracking error signal (TES). 

A tracking control loop similar to focus control loop is constructed to keep the laser spot 

on track. However, the interaction between the spot and the track also causes unwanted 

crosstalk into the FES. Especially during the seek operation, where the access 

mechanism drives the objective lens across many tracks, excess crosstalk can drive the 

actuator out of focus and increase seek time. 

The performance of an optical drive is linked directly to the performance of its 

servo system. It is important to model the optical system and test it against experimental 

results. One factor that affects optical drives is aberration, which can increase the spot 

size on the disk directly. Aberration can also affect the servo signal by driving the spot 

out of focus, which increases the spot size indirectly. This is one reason that different 

optical testers give different testing results with the same media (Yamada and Ohishi 

1989). In this work we study the effects of different aberrations on the servo signal. 

This dissertation concentrates on a new technique of FES generation that is 

insensitive to many of the en-ors found in other schemes. We utilize a combination of 

modeling and experiment to fully understand servo system performance. Performance 

parameters of focus-error signals and our differential wax-wane technique are discussed 

in chapter 2. A brief review of some other FES generation techniques is given. We also 
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discuss tracking error signal generation methods and pattern noise caused by tracking 

grooves. Chapter 3 discusses our modeling technique, the parameters used in this study, 

and diffraction modeling results. Sensitivity to detector misalignments are discussed in 

detail. The effects of aberration are investigated. Results of crosstalk cancellation when 

aberration is present are also given. In Chapter 4, the design and alignment of an optical 

head are summarized. Experimental data that includes phase-shifting measurement of 

wavefront quality is given. The effects of this measured wavefront on beam profile and 

FES signals are discussed. Comparison of measurement and modeling results are given 

in this chapter. In chapter 5, we present preliminary studies of a multiple beam optical 

head. The final chapter discusses future optical recording trends and summarizes our 

conclusions. 
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CHAPTER TWO 

FOCUS AND TRACKING ERROR DETECTION 

Optical recording achieves high areal density by using a micron-size laser spot 

and track spacing. A diffraction-limited high NA objective lens is used to focus the laser 

beam onto a spinning optical disk. A high NA lens also implies a small depth of focus. 

The distance between the objective lens and the disk that is spinning at 1800 rpm is 

constantly changing. Active focus control is necessary to control the micron-size laser 

spot on the disk. 

An optical detection system derives a focus error signal (FES) from the reflected 

beam. As shown in Figure 2-1, the reflected beam from the disk is collimated only when 

the disk is in focus. When the disk is outside of focus, the reflected beam is converging; 

when the disk is inside of focus, the reflected beam is diverging. The FES is a voltage 

signal that is roughly proportional to the focus error when the focus error is small. It 

is then amplified and converted to a current signal by servo electronics. This current 

drives an actuator that holds the objective lens. Usually, flexures support the lens and 

voice coil on the actuator. When current is injected, the voice coil interacts with a 

permanent magnet to provide axial movement. The actuator moves the objective lens in 

the proper z direction to decrease FES. Thus a complete control loop is formed, as 

shown in Figure 1.3, where GA represents the gain of servo electronics, HA represents 

response of the actuator, and Gs represents feedback from FES detection electronics. 

The performance of the control loop is best characterized by its frequency 

response, which is called a Bode plot. A typical Bode plot of an actuator is shown in 
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Figure 2-1. Collimated beams are focused by the objective lens and are reflected 
from optical disk at various focus positions, only one marginal ray is 
shown here. 
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Figure 2-2 (Marchant 1990). Only the amplitude of the frequency response is shown 

here. At low frequency, the response is constant. The principal resonance is usually set 

at the disk rotation frequency. At high frequency, the response decreases with lIw 2. 

Unpredictable parasitic resonances limit the performance at higher frequency. The 

mechanical response of an actuator can be modeled by a mass on a spring. Therefore, 

a small moving mass is preferred to achieve fast acceleration. More detailed description 

of actuator and control theory is given by van Rosmalen (1985) and Dorf (1980), 

respectivel y. 

A typical FES versus defocus curve is shown in Figure 2-3. Some important 

parameters are: gain, lock-on range, linearity, and focus offset. The gain is defined as 

slope through best focus: G = dE/do. The lock-on range is the region of defocus around 

best focus in which the slope of FES remains the same sign. Linearity is defined as rms 

departure from a straight line within ± 2 Itm of best focus. The focus offset, AE, is the 

lock-on range € 

AZ 

Figure 2-3. Typical FES versus defocus curve. 
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residual FES signal at the best focus. These parameters affect the control loop, which 

determines the spot position on the disk. In general, it is desirable to have high gain, 

a large symmetric lock~on range, a high degree of linearity, and zero focus offset. 

Performance parameters are determined by system optical design, detector geometry, and 

errors in fabrication. 

There are many ways to generate an FES. Most techniques can be assigned to 

one of several categories: astigmatic, critical angle prism, defocusing fringes, knife edge, 

spot~size detection, and wax-wane. The astigmatic, critical-angle prism, defocllsing 

fringes, and knife-edge techniques have been thoroughly studied by Cohen (1987). Two

dimensional spot-size detection (Elliot and Mickelson 1979) and one-dimensional spot

size detection (Yamamoto et al. 1986) have also been discussed in the literature. A wax

wane method was discussed by Arai et al. (1985). 

In this chapter, we review the astigmatic and knife-edge techniques. First-order 

calculations are shown for the astigmatic technique. For the knife-edge technique, the 

system performance cannot be described by first-order calculation. Thus, only a generic 

description of the technique is presented. Then, we present our new FES generation 

technique, which is a differential wax-wane technique (Wang and Milster, 1993), and the 

associated first-order calculations. Methods for generating tracking error signal are also 

reviewed. In the last part of this chapter, crosstalk between tracking and focusing 

signals are discussed qUalitatively. Sector mark crosstalk is also discussed. 

In the first order calculations, it is assumed that the beam has a uniform intensity 

distribution instead of a truncated Gaussian intensity distribution. An alternative 

calculation based on Gaussian beam propagation is given by Cohen (1987). In this 

dissertation, the first-order calculations are used to derive simple and intuitive results. 
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More accurate and quantitative results are obtained using scalar diffraction modeling, 

which is given in Chapter 3. 

Astigmatic TechniQue 

One popular focus generation technique is the astigmatic technique (Bricot 1976). 

As shown in Figure 2-4a, a spherical and a cylindrical lens are placed in the detection 

path. The cylindrical lens focuses light in one direction, which is shown as a dashed 

line. We refer to this direction as direction L. In the other direction, referred to as 

direction S, the beam is unaffected by the cylindrical lens. Instead of focusing to a 

point, the spherical-cylindrical lens assembly focuses a collimated beam to two 

orthogonal line foci. Between these two foci, there is one position at which the beam 

is circular. A quad detector is placed at this position with detector gaps rotated 45° from 

the axis of cylindrical lens. As shown in Figure 2-4b, when the disk moves outside of 

focus, the focus in direction L moves away from the detector and the focus in direction 

S moves toward the detector. The beam diameter in direction L gets bigger, while the 

beam diameter in direction S gets smaller. The intensity distribution becomes elliptical. 

The short and long axes switch when the disk moves inside of focus. A focus error 

signal derived from the ellipticity of the beam is 

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

(2-1) 

where A, B, C, and D are detector voltages of individual quad cells. The cylindrical lens 

is oriented at 45° from the y axis to minimize crosstalk (Stah11990). 

A simple first-order calculation illustrates some characteristics of the astigmatic 
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technique. The symbols used are shown in Figure 2-4a, where /0, Is and fc are focal 

lengths of objective lens, spherical lens and cylindrical lens, respectively; L is the 

distance between the objective lens and spherical focusing lens; the cylindrical lens is 

separated from spherical lens by I; d is the distance of the detector from the cylindrical 

lens; and X.r and Xc locate the foci of the spherical and cylindrical lenses. The detector's 

distance from the cylindrical lens is 

d _ 2fc (fa - l) 

2fc + h -I 
(2-2) 

When the disk moves away from the objective lens by 5, the foci in directions S and L 

that correspond to distances Xs and Xc, respectively, are given by 

X· s 

(fl - L).f. 
2a s 

-1+----
fl +/.-L 
2a s 

fc Xs x---
c j: + X 

Jc s 

(2-3) 

The radii of the ellipse in each direction (a in direction L, b in direction S) are found 

through comparing triangles. The ratio of the two radii alb is given by 

a 

b 

Xc (xs - d) 

Xs (d - xJ (2-4) 

Each detector quad voltage is proportional to the area occupied by the elliptical laser 

beam. The area is calculated by integrating 90° sections of the ellipse in polar 

coordinates. The FES given in Equation 1 is 
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4 a FES - -arctan( -) - 1 
7t b (2-5) 

The gain is calculated by taking the derivative of FES with respect to o. The 

calculation is somewhat tedious, but the result is simple. The gain is a function of focal 

lengths and the separation between the spherical and cylindrical lenses, that is 

(2-6) 

Note that the separation, L, between objective and spherical lenses is not a factor in 

Equation 2-6. This is because the astigmatic technique measures only the amount of 

defocus. In some calculations, 1 is set to be zero and the combined focus length, ix, 

instead of /C, is used. The conversion is 1/fx = 1/fs + life. 

The particular design configuration used in our optical head has the following 

parameters: .fo = 4.3 mm, Is = 100 mm, /c = 150 mm, L = 200 mm, 1 = 46.5 mm. 

The FES versus defocus curve, as calculated from Equation 2-5, is shown in Figure 2-5. 

The calculated gain and lock-on range are -0. 144/pom and 19 porn, respectively. In this 

design, the lock-on range is not symmetrical. Figure 2-5 is similar to what might be 

expected in a real system, but, because of diffraction effects, the FES cannot reach ± 1.0 

in a real system. A detailed ray trace model using Gaussian beams is given by Cohen 

et al (1984). Aberration studies and the effect of different parameters are also presented 

by Cohen. Diffraction modeling of the astigmatic technique is given by Mansuripur 

(1987). The effects of aberrations on the FES curve and crosstalk is given by Bernacki 

(1992). 
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Figure 2-5. First-order model simulation of the FES versus defocus curve for an 

astigmatic FES generation system. 
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Knife-edge Technique 

The Foucault knife edge technique has been used extensively for testing 

aberrations of various optical components (Malacara 1978). In an optical recording 

system, this technique is used to detect defocus in a reflected beam and to generate a 

focus error signal. The setup of a knife-edge focus error detection system is shown in 

Figure 2-6a. A knife edge is placed at the focal plane of a lens with the edge cutting the 

optical axis. When the disk is in focus, the lens focuses the beam to a spot at the focal 

plane. Because of diffraction, this spot has finite size that is not smaller than the 

diffraction-limited spot size given in Equation 1.1. The knife edge is placed precisely 

to block half of the focused spot. The far field diffraction pattern at the detector plane 

is complicated, but it is symmetrical along the detector gap that is parallel to the knife 

edge. The resulting voltage signals of the two detectors are equal. When the disk is out 

of focus, the performance can be explained with geometrical optics. For the disk outside 

of focus, the beam is focused in front of the knife edge. The bottom half light is blocked 

by the knife r.dge, so only detector A is illuminated. Detector B gets more illumination 

if the disk is inside of focus. The FES is generated by combining the detector voltages 

of the two detector cells so that 

FES _ A - B 
A+B 

(2-7) 

In this technique, the knife edge needs to be aligned very precisely. For a 

compact optical head, the NA of the lens has to be relatively large. The focused spot 

size is only a few microns. Therefore, the knife edge has to be positioned with an 

accuracy of a fraction of a micron. In order to reduce the alignment requirement, a bi-
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prism is used as a dual knife edge, as shown in Figure 2-6b. Each half of the beam 

interacts with one prism in the same way as it interacted with a knife edge. The FES is 

the sum of FES's produced at the two split detectors. An alignment error creates a false 

signal at each detector pair, but the false signals are canceled in the combined FES. The 

bi-prism arrangement is also more efficient because the entire reflected beam is used to 

generate the FES. 

A knife edge can also be placed after the lens, with a split detector at the focal 

plane, as shown in Figure 2-7a. This technique is called the pupil obscuration technique 

(Braat 1985) or half-aperture technique (Marchant 1990). It works similarly to the knife 

edge technique. Now the position requirement on the knife edge is loose, but the 

detectors nted to be placed precisely. A bi-prism can also be used to ease alignment 

requirements, as shown in Figure 2-7b. This arrangement is similar to that of Figure 2-

6b, except this bi-prism is placed immediately after the focusing lens. 

Simple first-order modeling can only give the polarity of the FES curve for knife 

edge and pupil obscuration techniques. Diffraction modeling must be used to predict the 

system performance. A detailed study of these two techniques using diffraction modeling 

is given by Cohen (1987). The knife edge technique and the pupil obscuration technique 

have high gains. The FES versus defocus curves have only one zero crossing at the 

focus. This ensures that the servo system locks only on the real focus. The lock-on 

range is only about two focal depths, as calculated with Equation 1-2. Therefore, it is 

hard for the servo system to lock on focus initially. The two techniques also have tight 

alignment requirements. 
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Differential Wax-Wane Technique 

Another category of FES generation techniques is based on detecting the change 

of spot size. The detector is placed away from the focal plane of the detector lens. The 

spot size changes as the disk moves in and out of focus. The FES is derived by using 

either a special detector configuration or special electronic algebra. 

A few techniques are shown in Figure 2-8. The two-dimensional spot size 

technique using a split detector is shown in Figure 2-8a (Elliot and Mickelson 1979). 

A ring gap separates an otherwise round detector into two cells. The FES is derived by 

subtracting signals from the two cells. The detector is placed where the FES is zero 

when the disk is in focus. The one-dimensional spot-size technique (Yamamoto et al. 

1986) is shown in Figure 2-8b. A six-element detector is used to generate both focusing 

and tracking error signals. The wax-wane technique was first proposed by Arai et al. 

(1985). As shown in Figure 2-8c, the defocused spot is offset from the center of the 

detector. Electronic gain is adjusted to generate the FES. 

One way of improving servo system performance is to use differential focus error 

detection to eliminate pattern noise caused by several factors such as disk birefringence. 

In a differential system, a beam splitter is used to direct the reflected beam into two 

paths. One PES is generated in each path. The differential PES is derived by 

subtracting the two individual PES's. A few differential techniques discussed in 

literature are: differential spot-size technique (Oka et al. 1987), differential astigmatic 

technique (Stahl 1990), Costar (differential critical angle prism technique) (Marshall 

1991). 

Our new focus generation technique is a differential wax-wane technique (Milster 

et al. 1991). Servo optics are illustrated in Pigure 2-9. Detector 1 is slightly inside 
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Figure 2-8. Three FES generation techniques that detect ch~.1ge of spot size with a 

detector placed away from the focal plane of detector lens. 
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focus, and detector 2 is slightly beyond focus. (In real system, detector 1 and detector 2 

are in different optical paths defined by a beam splitter after the detector lens.) 

Representations of spot sizes as the disk moves in z are sketched in Figure 2 -10. For 

the disk in-focus condition, spots are approximately the same size, but they are displaced 

slightly from the center of the detector. Displacement, t, of the spot center on detector 1 

is opposite from the displacement of the spot center on detector 2. As the disk moves 

outside of focus, the spot on detector 1 becomes smaller, and the spot on detector 2 

becomes larger. As the disk moves inside of focus, the spot on detector 1 becomes 

larger, and the spot on detector 2 becomes smaller. A differential FES, E, is generated 

from 
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Figure 2-9. Optical layout of differential wax-wane technique. 
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a (A + B) - (C + D) 
E:I = A + B + C + D 

a(C + D)-(A + B) 
E:2 = A+B+C+D 

(2-8) 

e = E:l - E:2 

where A, B, C, and D are detector voltages, El and E2 are FES signals for detectors 1 and 

2 respectively, and a is an adjustable electronic gain factor. Once a is chosen, the 

displacement, I, is adjusted to give zero FES when the disk is in focus. 

Our fixed system parameters include objective-lens focal length 10 = 4.3 mm, 

N.A. of 0.5, distance between objective lens and detector lens L = 150 mm, and 

detector-lens focallengthf = 124 mm. The detector is a standard silicon quadrant cell 

with 1 mm2 active area and 10 #-,m wide gaps. The defocus distance, Ill, for each 

detector is chosen to have same first-order gain for EJ and E2' For detector 1, IlIJ = -

18.73 mm. For detector 2, 1112 = 17.62 mm. Detector offset, I, is adjusted on each 

detector to vary a. 

In the first-order calculation, a marginal ray is traced from the objective lens to 

the detector to find the spot size on the detector. It is assumed that the beam is uniform 

and the detector response is proportional to the area which the spot occupies. 

When the disk is in focus, the radius of the spot at each detector is 

rio = I III idl 
2/ ' 

i = 1, 2 (2-9) 

where d is the diameter of the aperture stop. The detector signal is proportional to the 

area that the spot occupies. The detector gap separates the spot into two areas. The FES 

of a single detector, Ej, is calculated by subtracting the two areas weighted by a. 
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(2-10) 

where Xi = Ii I 'i , and Ii is the separation of the center of the beam to the center line of 

the detector. For a given Ol , Ii is determined by solving Equation 2-10 at Ci = 0 to find 

When the disk has a small defocus of 0, we trace the marginal ray to the detector 

to find the spot radius, 'I , on the detector, 

7 = .! d /lll(.f- +f+Z- L) 
I 2 f Z 1111 

= 7 (l+ __ ~~II __ +f-__ L) 
10 Z (2-11) 

Z = to 
2a 

where Z is the intermediate focus of the beam after the objective lens when there is a 

defocus O. Ei can be found by combining Equations 2-10 and 2-11. A plot of FES versus 

defocus for Ol = 5 is shown in Figure 2-11. The flat area of a single detector FES 

corresponds to the region where all light falls onto one side of the detector. The 

differential FES is significantly improved. It has a larger gain, better defined 

symmetrical lock-on range, and no zero crossing other than that at focus. 

The gain is the derivative of Ej with respect to O. From Equation 2-10, the slope 

of Ej with respect to spot radius 'j is 

del __ (1+u) 2%10 g 
d71 1t 710 

(2-12) 

From the derivative of Equation 2-11, we get 
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Figure 2-11. FES versus defocus for ot = 5. 
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Equations 2-12 and 2-13 are combined to yield the gain 
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(2-13) 

(2-14) 

The gain depends strongly on the detector position. The gain is also a function of ot, as 

shown in Figure 2-12. For ot > 5, the assumption that the beam is uniformly distributed 
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is no longer valid, and we must interpret our first-order results carefully. 

As defocus increases, El decreases continuously and E2 increases until all light falls 

on one side of the detector 2 and E2 = 1, as shown in Figure 2-11. When the light starts 

falling back to the other half of the detector, E2 decreases. At this point the differential 

FES stops increasing. This is one extreme of the lock-on range. An estimate of lock-on 

range can be derived by solving rl = -tl in Equation 2-12 to get defocus distance, 0 on 

both sides of focus. The sum of the two defocus distances is the lock-on range, i.e. 
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The lock-on range versus at is also plotted in Figure 2-12. As at increases, the lock-on 

range also increases, but the rate of increase slows down as at gets bigger. 

The first-order model provides a simple and intuitive understanding of our optical 

system. We can derive simple parameters like gain and lock-on range. It also provides 

a verification of the more accurate diffraction calculations to be discussed in later 

chapters. For at < 5, it also supports the diffraction calculations. For ot > 5, the 

Gaussian beam effects are much more significant. We can no longer assume a uniform 

beam. Diffraction calculations are necessary to model the system accurately. The 

diffraction modeling also enables us to study many subjects that are beyond the reach of 

a first-order model, such as the tracking signal. 

Tracking Error Signal 

The focused spot on an optical disk has a FWHM spot size less than one micron. 

The range of acceptable off-track error must be much smaller than the spot size to 

retrieve data reliably and to minimize crosstalk between adjacent tracks. The off-track 

tolerance is about ±O.1 I-'m. Active tracking controls are necessary in optical drives to 

provide such an accuracy. The tracking error signal (TES) is derived from the 

interaction between the optical beam and the structure on the disk (DeVore 1984). 

The most popular tracking structure is concentric or spiral tracking grooves that 

are pattemed into the disk substrate during disk manufacturing. The push-pull tracking 

technique is used for this type of pregrooved disk (Bricot et al. 1976, Braat and 

Bouwhuis 1978). In the small area where the focused laser beam interacts with the disk, 

the tracking grooves of a pregrooved disk can be considered as a linear gratings, as 

shown in Figure 2-13. Usually the groovedepth is "A/8 and the track spacing (track pitch) 
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Figure 2-13. Tracking structure of a pregrooved disk. 

is 1.6 j.tm. Profiles of the groove and groovewidth vary from disk to disk. The profile 

is usually V-shaped or trapezoidal. We model the grating with a rectangular profile. It 

is shown in the next chapter that the TES depends only on the first harmonic component 

of the Fourier series. Therefore, the results are the same as long as the first Fourier 

coefficients are the same, regardless of detailed groove profile. The groovewidth used 

in the modeling is three tenths of the track spacing. 

A focused beam can be decomposed into an angular spectrum of plane waves. 

We first look at plane-wave diffraction from a grating, as shown in Figure 2-14a. A 

plane wave with an incident angle 0 is diffracted from the grating into the nth diffraction 

order at an angle On given by 

sin(S,) - sin(S) + n~ , n - 0, ±1, ±2 ... 
p 

(2-16) 

where p is the track spacing, and A is the wavelength. Diffracted plane wave 
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Figure 2-14. Diffraction off grating (a) and optical disk (b), and push-pull tracking 

technique. 
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components in the same order form diverging cones of light, as shown in Figure 2-14b. 

Then, they are collimated by the objective lens when the disk is in focus. The Oth order 

is reflected. For 1.6 Jtm track spacings, A = 800 nm, and NA = 0.5, only ± 1st orders 

pass back through the objective lens. They are partially blocked by the aperture stop at 

the objective lens. The phase of the diffracted orders is a function of the beam position 

with respect to the tracking grooves. The diffracted orders interfere with the Qth order 

reflected beam to produce bright and dark modulation at the detector, as shown in the 

shaded area. The TES is derived by subtracting voltage signals of the split detector, that 

is TES = A-B. When the beam is centered on either groove or land, the 1st and -1st 

orders have the same phase, which creates identical interference patterns. The resulting 

TES equals zero. When the beam is off the center, the two orders have different phase, 

which results in a nonzero TES. It can be shown that the TES as function of the spot 

position is sinusoidal (Marchant 1990). 

In practical drives, the TES and FES are often derived from the same detector. 

For astigmatic and wax-wane FES generation techniques with detector configurations 

shown in Figure 2-4 and Figure 2-10, respectively, the TES algorithm is 

A+D-(C+B) 
e,. - A+B+C+D (2-17) 

Another type of disk structure has small servo fields placed beside tracks at 

regular intervals. The sampled-servo tracking technique is employed here to derive the 

TES (Hazel and La Budde 1982). This technique appears mostly in WORM and phase 

change disks. In these disks, simple wobble bits are either embossed into the disk during 

manufacturing or written during formatting procedures. The signal from the wobble bits 
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is recovered in the same way as the data signal. The wobble bits are placed at regular 

intervals along each track. Each set of wobble bits are small offset pits, as shown in 

Figure 2-15a. The wobble bits have a quarter-wave phase change with respect to the 

surrounding material, which causes destructive interference in the reflected beam. The 

total power collected by the objective lens is a function of the offset of the spot relative 

to the center of the track and the position of the spot along the track, as shown in Figure 

2-15b. Data are sampled at two different locations. The TES is generated by subtracting 

the two data signals, S. and S2, that is TES = Sl - S2' TES = 0 when the beam is on 

track, TES > 0 when the spot is on one side of the track and TES < 0 when the spot 

is on the other side of the track. 

Sampled-servo tracking does not require a pregrooved disk, thus tracking crosstalk 

can be avoided. In order to achieve a high performance servo, many wobble bits are 

needed, but, at the same time, the overhead is increased. A disadvantage of sampled

servo tracking technique is that it is much more sensitive to media defects than the push

pull tracking technique. 

The third type of disk structure appears in read-only disks. Data is prerecorded 

as pits in the disk. The spatial frequency of the data pattern is much higher than that 

corresponding to the frequency response of the tracking servo. Therefore, the data look 

like a continuous track, and the data tracks are used for the tracking servo. The three

beam (or twin-spot) tracking technique (Bouwhuis and Burgstede 1973) and wobble 

tracking technique (Bricot et al. 1976) are used in read-only disks. Detail discussions 

of the three-beam tracking and wobble tracking techniques can be found in the literatures 

(DeVore 1988, Braat 1985). Since servo electronics are slow compared to data rate, the 

servo electronics consider the data track as a continuously grooved track. Thus, the 
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push-pull tracking technique can also be used in read-only disks. 

Pattern Noise and Crosstalk 

Pattern noise is a false focus error signal caused by changes in the spatial 

distribution of optical power on the detectors. The spatial redistribution of optical power 

can be caused by beam motion, diffraction, aberrations, detector alignment errors, or 

partial obscuration. The most common type of pattern noise is due to diffraction from 

tracks and sector marks. 

Pattern noise depends on the structure of the tracks and the sector marks. 

Tracking structure was discussed in last section. Sector marks are small pits embossed 

into the disk to identify the location of sectors, which are equally long sections of a 

track. Typically, there are 512 or 1024 sectors per track. They are complicated patterns 

and vary from sector to sector. They start with guard bands that are perpendicular to the 

tracking grooves. In our studies, we simulate the effects of sector marks by investigating 

the diffraction patterns from mirror marks, which are relatively long (15 I'm to 25 I'm) 

regions of constant depth associated with the beginning of a sector. We use a disk with 

simple mirror marks to study the diffraction effects experimentally. 

In a pregrooved disk, tracks and sector marks play an important role in writing 

and retrieving data. However, the diffraction from tracks and sector marks causes 

unwanted pattern noise in the focus error signal. Especially during the seek operation, 

excess pattern noise can drive the objective lens out of focus. We refer to the pattern 

noise caused by tracks and sector marks as tracking crosstalk and sector mark crosstalk, 

respectively. 

In Figure 2-16a, the spot is shown crossing a track. Tracks are oriented in the 
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Figure 2-16. Tracking and sector mark crosstalk in the wax-wane technique. 
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y direction. The phase of the ± 1st diffracted orders is a function of the spot position 

relative to the tracking groove. The interference between zero-order and ± 1st-order 

beams produces a dark/bright pattern on the detector. As the spot begins to cross a 

track, one side of the reflected beam becomes dark. When the spot crosses the track and 

begins to move away, the other side of the reflected beam becomes dark. This 

bright/dark modulation changes the irradiance distribution on the detector. The 

modulation occurs in two oval-shaped regions. In the wax-wane FES generation 

technique, the detector is adjusted to produce zero FES for the on-track position of the 

spot. Thus, as the irradiance in the regions changes, the FES also changes slightly. This 

results in tracking crosstalk. During a seek operation, many tracks are crossed and the 
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effects of crosstalk can be significant. Prikryl (1989) has studied the sensitivities of 

various focus-error techniques to crosstalk during seek and found that wax-wane and one

dimensional spot-size techniques performed well. 

Another type of crosstalk is shown in Figure 2-16b, which displays a spot 

crossing a sector mark. As the spot crosses over the edge of the sector mark, a 

diffraction pattern results that is oriented at 900 with respect to the pattern in 

Figure 2-16a. This pattern causes significant sector-mark crosstalk in the FES of a 

single detector. In the differential wax-wane technique, FES' s of both detectors, E, and 

E2, have sector-mark crosstalk. However, if detector 2 is arranged as shown in Figure 

2-17a, both E, and E2 respond with the same polarity to the sector marks according to 

Equation 2-8. Since E = E, - E2, the effect of the sector-mark crosstalk is minimized 

in the differential channel. This is also true for tracking crosstalk, as illustrated in 

Figure 2-17b. 

The pattern noise due to track rotation is illustrated in Figure 2-17c. It can be 

seen by examining Equation 2-8 that E, and E2 increase or decrease together, thus, the 

differential system is immune to track rotation effects. Disk tilt results in chief ray shift, 

as shown in Figure 2-17d and 2-17e. For chief ray shifts in the x direction, the FES is 

not affected in either detector, but a TES offset is generated. For a y-direction shift, 

FES's of the single detectors change in the same way. In all cases, the resulting 

differential FES, E, is not affected. 

Aberrations are another source of pattern noise. The effects of aberration on the 

FES are more complicated and they are studied extensively in next chapter. Disk 

birefringence also creates pattern noise. The sensitivity to disk birefringence can be 

reduced by using a differential FES generation technique (Oka et al. 1987). In fact, 
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Figure 2-17. Various pattern noises and their cancellation using differential wax

wane FES generation technique. 
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many pattern noises, including tracking and sector-mark cross talks, can be reduced by 

differential FES techniques. 
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The first-order geometrical arguments presented in Chapter 2 can be used to 

estimate focus error signals of a few techniques. These simple calculations have severe 

limitations, however, such as the inability to model the push-pull tracking error signal 

and crosstalk. In order to accurately predict the performance of our servo system, a 

scalar diffraction model is employed. In this model, beam propagation is simulated using 

Fresnel approximations (Goodman, 1968). The electric field of the beam is represented 

by a square matrix of complex values, where each matrix element represents a different 

sample point in the beam. Propagation of collimated beams between lenses is modeled 

using the angular spectrum method. Calculations are accomplished using two

dimensional Fast Fourier Transforms (FFTs). All programs are written in MATLAB 

running on a 486 IBM-compatible PC. 

The beam propagation starts with an irradiance profile in the form of a truncated 

Gaussian distribution in the entrance pupil (Haskel, 1979). We use Fresnel 

approximations to describe the propagation from objective lens to disk, disk to objective 

lens, objective lens to detector lens, and from detector lens to detectors. The signals of 

individual detector cells are found by integrating the irradiance over detector quadrants. 

The FES and TES are derived according to equations given in Chapter 2. Diffraction 

modeling results, such as detector tolerance and crosstalk, are presented. Aberrations 
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are represented by Zemike polynomials so that each aberration is balanced by 

corresponding lower-order aberration to minimize rms wavefront error. The effects of 

various aberrations is discussed. A comparison to other FES generation techniques is 

given at the end of this chapter. 

Diffraction Modelinl: 

The wave property of light is the foundation of modem optics. Wave theory was 

first proposed by Huygens in 1678. Huygens suggested that each point on a wavefront 

be considered as a source of a new secondary spherical wave, and the wavefront at any 

later instance be found by constructing the II envelope II of the secondary waves, as 

illustrated in Figure 3-1. The idea was later improved and expressed in more rigorous 

mathematical form by Fresnel, Kirchhoff, Rayleigh, and Sommerfeld. 

secondary ", 
sources ~ 

original 
wavefront 

I 

• new wavefront 

Figure 3-1. Illustration of Huygens' wave propagation theory. 
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A monochromatic wave at a point (x,y,z) and time t can be described as a scalar 

field of the form: 

u(x, y, z, t) - U(x,y,z) exp( -;«.>t) (3-1) 

where w is the angular frequency of optical oscillation. According to this convention, 

a plane wave with a wave vector k propagating at a position r has a phase of exp(iker). 

Since the oscillation is so fast that only the time average is detected, the irradiance is 

given by 

lex, y, z) - ( u 2(x, y, Z, t) ) - 1 U(x, y, z) 12 

The complex quantity u(x,y,z,t) must satisfy the wave equation 

\flu - 1. &u - 0 
c 2 at2 

(3-2) 

(3-3) 

at each source-free point in space. Here c is the speed of the light and V2 is the 

Laplacian operator 

By substituting Equation 3-1 to Equation 3-3, we find that the time-independent quantity 

U(x,y,z) must obey the Helmholtz equation 

(3-4) 

where k = wtc = 27ft"A, and "A is the wavelength. 

The general description of our diffraction geometry is shown in Figure 3-2. Light 

travels from left to right. The diffraction problem becomes: given a field distribution 

U(XOI Yo) at the initial plane, calculate the field distribution U(x" YI) at an observation 
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Figure 3-2. Diffraction geometry. 

plane a distance z away. The coordinate axes, XII YII are parallel to xo, Yo, respectively. 

A complete scalar diffraction calculation can be found in many textbooks 

(e.g., Goodman, 1968). We start the diffraction calculation with the Rayleigh

Sommerfeld diffraction formula. 

(3-5) 

where rIO is the distance from point (xo, Yo) on the initial plane to the point (XII YI), and 

cos(ne rIo) is the direction cosine between vector rIO and the vector normal to the initial 

pJane, n. 

It is difficult to evaluate the above integral. Approximations have to be made to 

simplify the formula. One assumption is that the distance z is much larger than the 

spatial extent of the initial field. The observation plane is confined to a finite region 
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about z axis. Under these assumptions, the direction cosine becomes "1" for small 

angles (3-6) 

The quantity rIO in the denominator can accordingly be approximated by z. The quantity 

rIO in the phase cannot be replaced by z because k is a very large number and the phase 

error could be larger than 2'11'. However, approximations that produce a phase error 

much smaller than 2'11' can be made. One convenient approximation keeps only the first 

two terms in the Taylor expansion 

'10 - Jz.2 + (Xl - XJ2 + (Yl - yJ2 

(Xl - Xc/ (Yl - yJ2 
... Z + + ---"----"--

2z 2z 

(3-7) 

This is the Fresnel approximation. The condition for Fresnel approximation to be valid 

is that the next higher-order terms result in a phase error much less than 1 radian, i.e. 

(3-8) 

This leads to the Fresnel diffraction region. With the Fresnel approximations, Equation 

3-5 can be expressed as 

U(x.,y.)- ;i~kz) ex~i 2~ (x: +YO]! ! [U(x,,'Y'>4i ~ (x; +Y~ )] 
- .. • (3-9) 

Thus, aside from factors outside of the integral, the field distribution at the observation 

plane is the Fourier transform of the initial field distribution multiplied by a quadratic 

phase factor, U(xo, yo)exp[ik(xo2 + Yo2)/2zJ. The transform must be evaluated at spatial 

frequencies Ix = xl"Az,./y = yl"Az. 
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The condition in Equation 3-8 can be weakened when the initial wavefront 

U(xo, Yo) is converging. One example is a positive lens mounted at the aperture. The 

lens bends the wavefront toward the focal point. In the region close to the focal point, 

the Fresnel approximation requirement can be met. Instead of being a plane, the 

reference wavefront must be a sphere centered on the focal point of the lens with a radius 

equal to the focal length, as shown in Figure 3-3. The distance from point (xo, Yo) on 

the initial plane to (x" YI) on the observation plane is 

rio .. V[z-J1(xo,yo>]2+(XI-Xo>2+(YI-YCi 

- Vz2-2J1(xo,yo>a +x; +Y; -2x1xO- 2YIYO 
2 2 a XI +YI X1XO YIYO 

IIIf z-J1(xo'YO>'Z"+~--z---z-

where J1(xo, Yo) is the sag of the reference sphere, defocus 0 = z -f, and 

(3-10) 
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(3-11) 

The approximation leading to quadratic phase requires small (xi + Yo~v. max 

compared to f. This is the Fresnel approximation applied in a lens system. Now the 

diffraction integral is expressed as 

Again, the field distribution at the observation plane is proportional to the Fourier 

transform of the initial field multiplied by a phase factor. For small radius, 

Po = (xo2 + Yo2)'h, at the initial field, the phase factor becomes quadratic, which is 

similar to Equation 3-9. The diffraction propagation from a focused spot to an objective 

lens can be calculated with the same integral. 

The condition for the Fresnel approximation of a lens system to be valid is that 

the next higher-order terms have a phase error much less than 1 radian. For example, 

defocus 0 must satisfy 

(3-13) 

For small Po compared to the focal length, the phase term in Equation 3-12 

becomes: 

ika(x 'YO>(l_l) ". ik(x; +Y;)(.!-.!) - ik(x
g +Y;) 

o z 2 f Z 2z1 
(3-14) 

Now Equation 3-12 is similar to Equation 3-9, except that the distance term is z' instead 
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of z in the quadratic phase. 

In our optical system, the NA of the objective lens is 0.5 and the focal length is 

4.3 mm. The Fresnel approximation, according to Equation 3-13, is good if the defocus 

is less than 30 #-tm. The requirement is much looser for lenses with small NA, such as 

the detector lens used in our optical system. In this case, the Fresnel approximation 

between two planes, according to Equation 3-8, can be satisfied. Equation 3-9 can be 

used to model beam propagation from the detector lens to the detector. A quadratic 

phase factor needs to be added in the initial plane to characterize the detector lens. 

The calculation can be further simplified if the phase factors in Equation 3-9 and 

Equation 3-12 can be ignored, i.e. 

1C (x; + y~ z :> ____ ..::;DWI.=:; 

A. 
(3-1Sa) 

and for a focusing lens: 

(3-1Sh) 

This is the Fraunhofer approximation. In the Fraunhofer region, aside from the factors 

outside the integral, the field distribution at the observation plane is simply the Fourier 

transform of the field distribution at the initial plane, which is given by 

U(x1' Y1) - ex~~~kz) f fU(xo'Yo )ex~ -:k(X1XO + YIYO>] dxodyo • (3-16) 

The requirement for the Fraunhofer approximation in Equation 3-15 is severe. It is valid 

only in positions that are very far from the initial screen, or very close to the focal point 

of a lens for a collimated input beam. 

In the scalar diffraction theory discussed above, the light is treated as scalar 
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quantity. This approach ignores the polarization of light. The scalar approximation is 

only valid to a certain degree. A more complete description of diffraction in optical 

storage devices can be obtained through elaborate vector diffraction techniques (pasman, 

1985). In a vector diffraction approach, the electromagnetic field is decomposed into a 

plane-wave spectrum. The interaction of each plane wave with the disk is calculated by 

satisfying boundary conditions. Using this approach, Sheng (1978) showed that, for a 

high NA (0.85) objective, the vector diffraction calculation gave significantly different 

results from the scalar diffraction calculation if the E-field is along the radial direction 

of the disk. However, results from the two approaches are similar if H-field is along the 

radial direction of the disk. 

In a typical optical recording system, the NA of the objective lens is usually less 

than 0.6. An objective lens with NA of 0.5 is very common in practical drives. Higher 

NA objectives are not preferred because they usually have heavy weight, small field of 

view, high lens design/manufacture cost, small working distance, etc. The objective lens 

in our optical system has a NA of 0.5. As indicated by Hopkins (1979), for objectives 

with a NA smaller than 0.5, vector diffraction theory gives results not very different 

from those of scalar diffraction theory, so a scalar diffraction model is sufficient for 

dealing with our optical system. 

The Fresnel Number 

A circular aperture can be divided into Fresnel zones, where the boundary of the 

zones are defined by 'A/2 path differences to the observation point (Hecht, 1988). Odd 

numbered zones add with odd numbered zones constructively, and so do even numbered 

zones. However, even numbered zones add destructively with odd numbered zones. For 

-_. 
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a circular aperture with a maximum radius of r, the Fresnel diffraction pattern can be 

characterized by a Fresnel number, which is defined as 

(3-17) 

where z is the axial distance to the observation point. 

For an open aperture with an integer Fresnel number, Fo, the center of the 

diffraction pattern is zero if Fo is even, and a maximum if Fo is odd. All beams having 

the same Fresnel number will have the same irradiance distribution, but they will have 

different spatial scaling factors (Lawrence, 1992). 

Angular Spectrum 

The diffraction calculation can also be formulated by the angular spectrum method 

(Goodman, 1968). The angular spectrum of a field distribution U(x, y, 0) at z = 0 is 

given by its Fourier transform 

A( ~ , ~ ,0) - [[ U(XJl,O)e{i2R( ~x+ ~ +b: dy (3-18) 

evaluated at Ix = alA, /y = {3IA. The field is decomposed into a collection of plane 

waves. The angular spectrum represents the amplitude of each plane wave component 

with direction cosines (a, (3, 'Y), where 'Y is given by 'Y = (1 - of- - (32r". After 

propagating a distance z, the amplitude of a plane wave component becomes 

A( ~, ~, z) - A( ~, ~, 0) exp(i
2
; b-a2-p2 z) (3-19) 

The inverse Fourier transform of Equation 3-19 gives the field at z, that is 
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The angular spectrum is mostly used for calculating the propagation of a beam 

that is either collimated or nearly collimated. This is because spectra corresponding to 

collimated or nearly collimated beams are narrow and can be sampled easily. In this 

chapter, we use the angular spectrum method to model beam propagation between lenses. 

We use the Fresnel diffraction integral in Equation 3-12 to model the beam focused by 

a lens. 

Computer Simulation 

By simplifying the scalar diffraction integral to a Fourier transform, the 

diffraction calculation can be done very rapidly using a Fast Fourier Transform (FFT). 

In computer simulations, functions are described by sampled values taken over a discrete 

matrix. A sampled function can be represented mathematically by mUltiplying a 

continuous function with a comb function. The sampling theorem developed by 

Whittaker and Shannon states that any band-limited function can be specified exactly by 

its sampled values, taken at regular intervals, provided that these intervals do not exceed 

some critical sampling interval (Gaskill, 1978). This critical sampling interval is referred 

as the Nyquist interval, which is given by 

1 x ~
$ W (3-21) 

where W is the full bandwidth of the function. The sample interval in a matrix is the 

physical distance represented by the spacing between two adjacent pixels. 
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The transform - inverse transform algorithm of 1 by N vectors is given by 
N-l _. 21t hi 

F(k+l) - EJ (n+l)e N 
n-O 

1 N-l ,2lthl 
J (n+l) - - L F(k+l)e N 

Nk-O 

(3-22) 

The two-dimensional algorithm is accomplished by repeating the one dimensional FFf 

twice with appropriate matrix manipulation. For MATLAB's built-in FFf algorithm, 

N is preferred to be a power of 2, otherwise the calculation speed will be significantly 

reduced (Mathworks, 1989). The center of the vector is located at pixel number 

N/2 + 1 and the center remains at this pixel after the FFT. For the diffraction integral 

given in Equation 3-12 with a sample interval Axo, the sample interval in Fourier space 

is given by 

Ax -1 

Truncation of Gaussian Beam 

(3-23) 

The irradiance profile of a laser beam is Gaussian (Fox and Li, 1961). For a 

laser diode, the laser cavity is a waveguide. The lasing area of waveguide has thickness 

much smaller than its width. Thus, diffraction widens the beam more strongly in the 

direction perpendicular to the waveguide than in the direction parallel to the waveguide, 

as shown in Figure 3-4. The resulting beam shape is elliptical. The amplitude of a 

Gaussian beam is expressed as 
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Figure 3-4. Elliptical beam emitted from a laser diode. 

(3-24) U(X, y) .... exp(- x: -y:j 
Wx Wy 

where Wx and wyare lIe-2 radii of the beam in x and y directions, respectively. The full

width-at-half-maximum spot size is (2In2)'hwx, y' In our optical system, the elliptical 

beam shape is corrected by an amorphous prism pair (see Chapter 4), so the laser beam 

after correction is treated as a circular Gaussian beam. 

Since the irradiance profile of a laser beam is not uniform, it is important to 

match the laser beam diameter to the diameter of the lens (Milster ef al., 1990). If the 

lens is overfilled, i.e., the laser beam diameter is much larger than the lens beam 

diameter, a large portion of the light is lost outside of the aperture. If the lens is 
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underlilled, the effective NA of the lens is reduced. The resulting focused spot will be 

larger than the diffraction-limited spot size. In between, there is an optimum laser beam 

diameter to lens diameter ratio that gives maximum central irradiance. This optimum 

ratio, referred as truncation factor, is given by Haskal (1979) 

laser beam diameter at e -2 peak irradiance _ 0.892 
lens diameter 

Wavefront Aberrations 

(3-25) 

Wavefront aberrations are phase deviations of a wavefront from an ideal reference 

wavefront. Wavefront aberrations are often represented by Seidel aberration 

polynomials. A list of Seidel aberrations is given in Table 3-1, where p and tP are polar 

coordinates, p = 1 at the edge of the pupil, Yo is the field height, and Out, Ocoma and Odi&t 

define the orientation of the odd aberrations. Seidel aberration polynomials are 

convenient for studying the intrinsic aberration of optical components. 

On the other hand, Zernike polynomials are often used to interpret optical testing 

results (Malacara, 1978). They are a complete and orthogonal set of polynomials. It is 

very convenient to use Zernike polynomials to fit wavefront testing data. Each term of 

the Zernike polynomial contains an appropriate amount of lower order term to make it 

orthogonal to each lower order term when rms wavefront is calculated. Each term of the 

Zernike polynomial minimizes the rms wavefront error to the order of that term. A list 

of the first sixteen Zernike polynomials is given in Table 3-2. 

In this work, the sign convention is chosen such that it is consistent with phase 

error, i.e., positive phase errors result in positive wavefront aberrations and vice versa. 

Light travels from left to right. When the reference wavefront is a flat wavefront, a 
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Table 3-1 Seidel aberration polynomials. 

Seidel aberration Polynomial expression 

Piston WfKXI 

Tilt Will p cOS(CP-(JIlIJ 

Defocus Wroo p2 

Astigmatism W222 Yo2 p2 cos2(CP-(Ja.J 

Coma WI3I Yo' p3 cos(cp-(JCOftlJl) 

Field Curvature W220 Yo2 p2 

Distortion W3l1 Yo3 p cOS(CP-(Jdi,J 

Spherical Wruo {J4 

5th order Spherical WQ60 p6 

Table 3-2 Zemike Radial Polynomials. 

No. Polynomial 

0 1 

1 p coscp 
2 p sincp 

3 2p2 - 1 

4 p2 cos2cp 
5 p2 sin2ci> 

6 (3p2 - 2) coscp 
7 (3p2 - 2) sint 

8 6p4 - 6p2 + 1 

9 p3 cos3cp 
10 p3 sin3t/> 

11 (4p2 - 3) p2 cos2cp 
12 (4p2 - 3) p2 cos2cp 

13 (lOp4 - 12p2 + 3) p coscp 
14 (101'4 - 121'2 + 3) I' sil!t 

15 201'6 - 301'4 + 121'2 - 1 

--------------------------------__ 'd-------------------------
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converging wavefront has negative wavefront aberration. 

Beam propagation in the optical system 

The beam propagation starts from the objective lens with a truncated Gaussian 

irradiance profile. The beam is propagated down to the disk, back through the objective 

lens, and to the detector plane, as shown in Figure 2-9. The physical parameters are 

given in the differential wax-w~ section of Chapter 2. Since the detectors are placed 

away from the focal plane of the detector lens, the physical size is large. Thus, the 

sampling interval at the detectors needs to be large. However, this results in a large 

sampling interval at the disk, where a small sampling interval is preferred to represent 

the tracking grooves more accurately. The solution is to balance the two factors and to 

use a large matrix size, which is limited to 256 in this work. The pupil diameter is 53 

pixels, which represents 4.3 mm with an sample interval of 83 J.tm per pixel. On the 

disk, the sample interval is 0.16 J.tm per pixel. The tracking spacing is 1.6 J.tm. A 

complete track occupies ten pixels. The groove occupies three pixels and the land 

occupies the other seven. 

Figure 3-5 shows the three-dimensional mesh plot of the irradiance profile before 

and right after the stop at the objective lens. The Gaussian beam shown in Figure 3-5a 

is not truncated by the stop. The resulting truncated Gaussian irradiance profile 

immediately after the stop is shown in Figure 3-5b. (In order to keep image files 

manageable and to distinguish individual lines, most 3-D mesh plots are plotted using 

matrix size of 32 x32 or less instead of full scale 256 by 256 matrices.) 

The central line profile of the focused beam on the disk is shown in Figure 3-6. 

The dashed line is the focus spot of the unapertured Gaussian beam (Figure 3-5a), the 
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(a) Gaussian beam 

(b) Truncated Gaussian beam 

Figure 3-5. (a) Gaussian beam, (b) truncated Gaussian beam. 

1 

~ 

1 
S 0.5 

.~ 

j 
Gaussian 

Airy disk 

./ 
-2 -1 0 1 2 3 

distance (J-Lm) 

Figure 3-6. Line profiles of focused beam. 
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dotted line is from the focused spot of a uniformly illuminated pupil, and the solid line 

is from the truncated Gaussian beam (Figure 3-5b). The Fourier transform of a wider 

distribution in the original space gives a narrower distribution in the Fourier transform 

space. Thus, the unapertured Gaussian beam has the smallest spot size because it has 

the widest distribution at the pupil. The focused spot of a Gaussian beam is still 

Gaussian. The focused spot of a uniform beam is a radially symmetric Bessel function 

divided by its argument, which is commonly called the Airy disk pattern. The truncated 

Gaussian beam shows a larger spot size because the truncated Gaussian shape gives a 

narrower distribution at the pupil than that specified by the maximum focusing angle of 

the objective lens. The side lobes produced by the truncated Gaussian beam are much 

weaker than the side lobes of the Airy disk. The spot size of the truncated Gaussian 

beam has a full-width-at-half-maximum of 0.89 Jtm. 

The focused spot is diffracted by the tracking grooves into a Oth order reflected 

beam and ± 1st diffraction order beams. They are collimated and partially blocked by 

the objective lens. The phase delay of a diffracted order is a function of the beam 

position with respect to tracking grooves. Interference between the Oth order and 

± lst order diffracted beams produces bright/dark modulation. Figure 3-7 shows 

irradiance distributions at the exit pupil for a few focused spot positions. In order to 

show the effect of interference, an uniform irradiance profile instead of a Gaussian 

profile is used. When the spot is centered on a land or groove, the irradiance patterns 

are symmetrical, as shown in Figure 3-7a and 3-7c. However, Figure 3-7a displays 

constructive interference and Figure 3-7c displays destructive interference. When the 

spot is centered elsewhere, interference of one order tends to be constructive while the 

other tends to be destructive, as shown in Figure 3-7b and 3-7d. This is the basis of 
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(a) (b) 

(c) (d) 

Figure 3-7. Irradiance distribution at the exit pupil. The focused beam on the disk 

is centered: (a) on groove, (b) between land and groove, (c) on land, 

(d) between land and groove, on opposite side of (b). 
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push-pull tracking error signal generation. 

The beam is propagated in the optical system shown in Figure 2-9. The 

irradiance profiles at detector 2 are shown in Figure 3-8. In Figure 3-8a, the beam is 

reflected off a grooveless disk, which illustrates the effect of the aperture. The center 

is a sharp maximum and there are three rings. The Fresnel number is 7, which is an odd 

number. Because of the Gaussian profile, the Fresnel diffraction rings are not as well

defined toward the edge. The profile of the beam reflected off a grooved disk is shown 

in Figure 3-8b and 3-8c in the y and x directions, respectively, where the grooves are 

oriented in the y direction. In this case, the beam is centered on the land. In the y 

direction, the profile is the same as that in Figure 3-8a, except the amplitude is smaller. 

The interference pattern due to tracking grooves can be seen clearly in Figure 3-8c in the 

x direction. The tracking signal is derived from the unbalance of the strong side lobes 

when the beam is shifted away from the land center. The beam profiles at detector 1 are 

similar to that shown in Figure 3-8 because the magnitudes of the Fresnel numbers are 

equal. 

Focus Error Signal 

Certain parameters are used to quantify the performance of an FES. As shown 

in Figure 2-3, some of the important parameters are: slope through best focus (gain, 

G = de/do); symmetric lock-on range about best focus; linearity within ± 2 Jtm of best 

focus; and focus offset, .1e. These parameters affect the control loop, which determines 

the spot position on the disk. In general, it is desirable to have high gain, a large 

symmetric lock-on range, a high degree of linearity (defined as rms departure from a 

straight line), and no focus offset. Performance parameters are determined by system 



79 

detector 2 

Figure 3-8. Irradiance profiles at detector 2. (a) Light is reflected from grooveless 

disk. (b) With tracking grooves, in the y direction, (c) with tracking 

grooves, in the x direction. 
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optical design, detector geometry, and errors in fabrication. In the following sections, 

we will study gain, lock-on range, detector alignment sensitivity and linearity for the 

unaberrated system. We will also discuss sensitivity to pattern noise and effects of 

various aberrations. 

The focus error signal (FES) is calculated according to the FES algebra given in 

Chapter 2. The detector signals, A, B, C, and D are derived by summing the irradiance 

on each detector cell. If the detector position is held constant, there is an offset between 

the FES without tracking grooves and the FES with tracking grooves. This is caused by 

diffraction off the tracking grooves. In our calculations, the detector is adjusted so that 

zero defocus gives zero FES for each case individually. The detector offset is fixed 

when aberrations are added and a focus offset due to aberration is calculated. 

Most parameters discussed here depend on the configuration of the optical system, 

especially the detector locations. For example, the gain of each detector is a function 

of illj (i = 1, 2, as shown in Figure 2-9). Figure 3-9 shows absolute gain versus /Il.ld 

for both detectors with ex = 5. The gains decrease as the detectors move away from the 

focal plane of the detector lens. It also shows that, for the same /ill j /, the gains of the 

two detectors are slightly different. Since smaller /illj / corresponds to smaller spot size, 

the positioning of a detector is more critical as /illj I is positioned closer to the focal 

plane of the detector lens. 

In this study, the defocus distances of the two detectors are fixed at 

ill. = -18.73 mm for detector 1, and illz = 17.62 mm for detector 2. They are chosen 

so that the first-order gains of the individual detectors are equal but opposite in sign. 

The diffraction calculations also give the same conclusion, which is explained in the 

following. The beam propagation from the stop at the objective lens to the data detectors 
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Figure 3-9. Gain as a function of I Alii, the distance from the detector to the focal 

plane of the detector lens. 

can be separated into two steps. First, the beam propagates from the stop to an 

intermediate location. Then the detector lens images the irradiance profile at this 

location onto the detector with only a magnification scaling. We can simply analyze 

beam profiles at the intermediate locations to gain an intuitive understanding of the 

system performance. The distance between the stop and the intermediate location is 

Z - - f1' - f + L i-I, 2 (3-26) 
eft. I Al ' 

I 

The diffraction pattern can be described by the effective Fresnel number, which is the 

number of Fresnel zones at this location given by 
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For the All, 2 chosen above, the effective Fresnel numbers are +7 at detector 1, and -7 

at detector 2. The intermediate locations calculated from Equation 3-26 are such that 

ZeIT, I and ZeIT, 2 are equal in magnitude, but ZeIT, I is positive and ZeIT, 2 is negative. This 

implies that the intermediate location for detector 1 is in the direction of beam 

propagation, and the intermediate location for detector 2 is the same distance from the 

stop but on the side away from the direction of beam propagation. If there is no 

aberration, the two irradiance profiles are the same. When aberrations are present, the 

curved wavefront distributes light unevenly between forward and backward propagation. 

Defocus is such a case. For example, with a small defocus 5, let the irradiance 

distributions at the detectors be II = IA (x, y) and 12 = In (x, y), which yield fl+ = fA 

and f2+ = fn, respectively. If the defocus becomes -5, the wavefront at the stop curves 

the other way giving II = In(x, y) and 12 = IA (x, y). Since imaging only gives a 

magnification change and the FES is normalized to the total irradiance, the same profile 

gives the same FES. So we have fl_ = fn and f2- = fA' and the resulting single-detector 

gain is (fi+ - fi_)/25 = ±(fn - fJ/25. So, for detector locations with Fresnel numbers 

that are equal but opposite in sign, the single-detector gains are also equal but opposite 

in sign. 

As shown in Figure 3-8, the beam profile on the detector has rings caused by 

Fresnel diffraction. The rings disappear when the effective Fresnel number is either zero 

or infinity. An effective Fresnel number of zero is obtained when the detector is placed 
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at the focal plane of the detector lens. We can't derive a good FES for this condition 

because the FES goes positive no matter whether the defocus is positive or negative. 

When the effective Fresnel number is infinity, the pupil is imaged onto the detector. 

This sounds like a good selection in terms of beam profile. However, as shown in 

Equation 2-14, the gain is determined by the Fresnel number. A Fresnel number of 

infinity gives a zero gain. In practical drives, a zero gain is totally unacceptable. We 

chose Fresnel numbers of ± 7 because the spot sizes on the detectors are big enough for 

easy alignment, yet they are not overfilling the detector. 

3 

2 

1 

rJ'.l 

re 0 

-1 

-2 

-3_30 -20 -10 0 10 20 30 

defocus (J.l.m) 

Figure 3-10. Diffraction modeling of FES versus defocus at Ol = 5 for an optical 

system without aberration. 
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Figure 3-10 displays diffraction modeling results of an unaberrated FES versus 

defocus for 01. = 5. The differential signal, E = El - E2 , is more linear than either of 

the individual signals. The gain is doubled for the differential signal, and the symmetric 

lock-on range is better defined. Another advantage is that there is only one zero crossing 

at zero defocus in the differential FES. This ensures that the focused spot will be 

positioned correctly each time the servo loop is closed. These characteristics are true of 

all differential signals we examined. 

tZl tf 0.0 

-2.0 

-4.0 '----_---'--__ -'--__ L-_-'-_~"'_'_ _ __' 

-30 -20 -10 0 10 20 30 

defocus (f.Lm) 

Figure 3-11. Modeling results of the unaberrated differential FES versus defocus for 

01. = 2, 4, 6, 8, 10. 

Figure 3-11 displays modeling results of the unaberrated differential FES for 

different values of cx. The system is changed by adjusting the detector offset, t, for zero 
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Figure 3-12. Gain and lock-on range versus Ci for differential FES. 

FES when no defocus is present. For large Ci, the FES first rises sharply around zero 

defocus, and the slope decreases as defocus gets bigger. This allows a high gain and 

larger lock-on range simultaneously. This is redisplayed more quantitatively in Figure 

3-12. The increasing lock-on range versus Ci is due to the increasing separation between 

the center of the beam and the detector center line. A detailed explanation is given in 

the Chapter 2 using first-order calculations. 

Comparing these results with those generated by the first-order calculation in 

Chapter 2, we show good qualitative agreement between the two methods. For Ci < 5, 

the first-order results coincide well with the diffraction calculations. For Ci > 5, the 

Gaussian beam effects are more significant. We can no longer assume a uniform beam, 

and diffraction calculations have to be used to predict parameters such as gain. In 

general, scalar diffraction calculations give accurate quantitative results while the first-
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order calculations are used to gain qualitative understanding of the system. 
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Figure 3-13. RMS departure from a straight line as a function of ex. 

Nonlinearity is represented quantitatively by the percentage rms departure of the 

calculated FES from a straight line with a slope equal to the gain. The calculation is 

made at 5 = ± 2 Jlm and 0 = ± 1 Jlm, as described by 

RMS ... 1. t (FESO» - GX5)2 x 100% ,5 'I: 0 , (3-28) 
4 3--2 Gx5 

where FES and G are calculated FES and gain of the single or differential FES, 0 is the 

defocus in Jlm, and RMS = 0 for 0 = O. RMS versus ex is shown in Figure 3-13. 

Maxima and minima of the single-detector RMS are due to near-field diffraction rings. 

As ex increases, the detector center line moves across ring boundaries, which give rise 
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to fluctuations in nonlinearity. The FES of differential detectors is much more linear 

than that of a single detector. If we perform a Taylor expansion of function Ej(O) for 

small 0 variation, the first term is the linear gain, which is doubled in the differential 

FES. The second term goes as 02, and it accounts for most of the nonlinearity. It can 

be shown in the first-order model that all even terms are canceled in the differential FES, 

but all odd terms are doubled. The second term is an even power of 0, and its 

disappearance improves the linearity. The remaining odd terms and diffraction rings 

produce the residual nonlinearity in the differential FES. 

Tolerance of Detector Position 

Figure 3-14 shows the effect of displacing a detector in the y direction, i.e., 

parallel (") to tracks. We display the y displacement of the detector that produces a 0.25 

p.m focus shift, which is a tolerable amount of defocus error. The allowable tolerance 

for misalignment in this direction is tight, but it improves with increasing ex. The 

tolerance on Al is loose, with a detector displacement of more than 300p.m required 

before a 0.25 p.m focal shift is observed. The tolerance in the x direction, i.e., 

perpendicular (.L) to tracks, will not affect the FES signal. Instead, x-direction 

displacements will affect the TES. Rotation of up to 5° about the center of the quadrant 

detector does not greatly affect the FES signal. Rotations about any other point on the 

detector can be considered as a combination of x and y displacements and rotations about 

the center of the quad cell. Rotations have a much more profound effect on the 

amplitude and phase of the crosstalk, which is discussed in the Section Effects of 

Aberrations. 



88 

5 

1 

o~ ______ ~ ________ ~ ________ ~ ______ ~ 
2 4 6 8 

Figure 3-14. Detector displacement in the y direction that produces a 0.25 I'm focus 

shift. 

Tracking Error Signal and Tracking Crosstalk 

We now discuss interaction with tracking grooves. In our diffraction model, we 

use a simple phase matrix to represent grooves on a disk. The track period is 1.6I'm. 

The groove is rectangular with a width of 0.48 I'm and a depth of 1/8 A. 

Tracking error signal and crosstalk in the FES of an unaberrated system is shown 

in Figure 3-15 for a = 5. The TES and FES are 90° out of phase. A pictorial 

explanation of the 900 phase delay is shown in Figure 3-16. When the beam is centered 

on the track, we have TES = 0 and FES, Eh ¢ O. If a small track shift, e.g. 1/10 of 

track period, occurs, the tracking error signal senses a TES = ET a' Because interference 
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Figure 3-15. TES and crosstalk in FES of an unaberrated system at Ol = 5. 

Figure 3-16. Explanation of 90° phase delay between TES and FES. 
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effects also change the irradiance distribution in the focus direction, the FES senses a 

crosstalk EI = Ea' When the track shifts -1110 of track period, the irradiance pattern is 

exactly a mirror image of the previous one about the y axis of the detector. Referring 

to Figure 2-10, A and B are swapped and C and D are swapped, so we have 

TES = -ET AI and the FES again senses a crosstalk EI = Ea' This results in individual 

FES's 900 out of phase with the TES, as shown in the Figure 3-15. The irradiance 

profiles on detector 1 and 2 are the same when no aberration is present. This is also true 

after interaction with the tracking grooves, so the crosstalk of individual channels are in 

phase and canceled in the differential FES. The small amount of residual differential 

FES is due to slightly different irradiance distribution at the two detectors. 

The amplitudes of the tracking error signal and the crosstalk depend strongly on 

the groove structure. The TES is maximized when the groovedepth is X/g. A landwidth 

of half the track width gives the maximum TES amplitude, as shown in Figure 3-17. 

The amplitude of tracking crosstalk, which is defined as the FES at the land center 

subtracted from that at groove center, as a function of land with is also shown in Figure 

3-17. In general, the crosstalk amplitude of a single detector is large compared to that 

of the differential FES. One interesting position is where the landwidth is half of the 

track width. The absolute values of crosstalk amplitudes are about the same for all three 

channels. In this case, the crosstalk amplitudes are all small to begin with, and the 

crosstalk cannot be canceled in the differential channel. This configuration is not usually 

what is found in practical disks because a larger landwidth is preferred so that a larger 

flat area can be used to write data with less noise. A land width of 1.1 I'm closely 

represents the actual disk used in our experiment. 
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Figure 3-17. The amplitudes of the TES and crosstalk as a function of landwidth. 

Sector Mark Crosstalk 

The sector mark crosstalk is studied by modeling mirror marks that are 20 J.tm 

long with a height of 0.25 A. This type sector mark causes significant sector mark 

crosstalk in the FES of a single detector, as shown in the diffraction model results of 

Figure 3-18. A sharp peak shows up in the single-channel FES when the beam crosses 

the sector mark. However, both FES's respond with the same polarity to the sector 

mark. The crosstalk is canceled in the differential channel. This agrees well with our 

qualitative discussion in Chapter 2. The detectors are arranged as shown in Figure 2-

17a. If detector 2 is rotated 1800
, f2 will become out of phase with respective to fl' The 
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Figure 3-18. Sector-mark crosstalk. 
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sector mark crosstalk will not be canceled in the differential channel. This shows the 

importance of detector orientation. In the central region, a focus offset is shown in both 

fl and f2. The offset is caused by the change in the diffraction pattern due to the sector 

mark and is canceled in the differential channel. 

Effects of Aberrations 

Three classes of aberrations must be considered: (1) those generated at the laser 

and collimating optics, referred as source aberrations; (2) those generated in the 

objective-lens optics and disk cover plate, referred as disk aberrations; and (3) those 

generated in the detection optics. These classifications are important because they affect 
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the servo system differently. Odd disk aberrations, like coma, will cancel when reflected 

from the disk and sent back through the objective lens. The FES offset is minimal at the 

detector, but the spot/disk interaction affects tracking crosstalk significantly. Conversely, 

coma generated in the detection optics does not cancel and has a dramatic effect on the 

servo system. Even aberrations, like astigmatism, from the objective lens or cover plate 

will double when reflected from the disk and sent back through the lens. Odd and even 

source aberrations do not cancel or double because they do not pass through the same 

optics after reflection from the disk. 

Aberrations are modeled by adding the appropriate phase distribution for coma 

(WIll)' astigmatism (W22'1), or spherical (W()Io) to the diffraction model. For even disk 

aberrations, the single pass peak-to-valley aberration amplitUde is 0.125 wave, so that 

the double-pass amplitUde is 0.25 wave peak-to-valley. All other aberration amplitudes 

are set to 0.25 wave peak-to-valley. In a functional system, some amount of aberration 

compensation is performed by recentering the focused spot and by defocusing the 

objective lens. Recentering can also be accomplished by adding tilt to the wavefront. 

In our simulations, an appropriate amount of tilt (linear phase) and defocus (WmJ is 

added to minimize root-mean-square (rms) wavefront departure. This is equivalent to 

adding the appropriate Zemike coefficient. Coma and astigmatism are evaluated either 

parallel (/I) or perpendicular (.l) to the track direction. 

In practical optical systems, the objective and cover glass usually have residual 

spherical aberrations. A disk tilt can result in coma and astigmatism. In this case, the 

coma has larger amplitude than astigmatism (Milster et al., 1991b). The source usually 

suffers astigmatism from the laser diode. In the reflection path, the beam splitter can 

cause astigmatism if it is not well polished with a perfectly flat reflecting surface. The 
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Table 3-3. List of combined Zernike coefficients. Zl(n): aberration of the objective 

lens. Zz(n): Reflected wavefront. 

n Z\(n) ~(n) n Z\(n) ~(n) n Z\(n) ~(n) 

I 0.000 0.000 6 -0.008 -0.007 11 0.019 0.028 

2 0.000 0.000 7 -0.008 -0.009 12 0.014 0.011 

3 0.000 0.000 8 -0.020 -0.016 13 -0.014 0.001 

4 -0.032 -0.143 9 0.007 0.014 14 -0.033 -0.031 

5 -0.021 -0.036 10 0.011 0.007 15 0.114 0.111 

detector lens should be aberration-free if a low NA lens is used. 

In this chapter, we will also discuss the effect of combining several aberrations. 

The combined aberration values are equivalent to those measured in our optical system. 

The first fifteen Zernike coefficients of the combined aberrations Zz(n) are listed in Table 

3-3. Zl(n), mainly 5th-order spherical, is disk aberration, and (Z2 - Zl), mainly 

astigmatism, is the detection optics aberration. The first three polynomials, which 

represent tilt and defocus, are removed. We show in Chapter 4 that the higher-order 

spherical aberration has a significant effect on the irradiance distribution in the detector 

plane. 

Irradiance profiles 

Aberrations can change irradiance distribution on the disk significantly and affect 

the readout signal adversely (Milster and Treptau, 1992). Aberrations can also change 

the irradiance distribution on the detector and degrade focus and tracking error signals. 
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(a) 

x profile 

(b) 

(c) 

-0.5 mm o 0.5 mm 

Figure 3-19. Irradiance profile at detector 2 with disk aberrations, (a) astigmatism, 

(b) third-order spherical, (c) fifth-order spherical. 
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Figure 3-19 shows the irradiance profiles when disk aberrations are introduced. A flat 

disk is assumed so that the effects of aberration can be distinguished from effects caused 

by tracking grooves. Figure 3-19a displays the effect at the detector plane of 0.25 wave 

of astigmatism. The x and y profiles are different because of astigmatism asymmetry. 

Disk coma is not shown here since it is canceled in double pass. The effect at the 

detector plane of 0.25 wave of third-order spherical aberration is shown in Figure 3-19b. 

The pattern is wider because the spherical aberration spreads light to the edge of the 

irradiance pattern. The irradiance profile in Figure 3-19c has 1.0 wave of balanced fifth

order spherical aberration, i.e., a fifteenth Zernike coefficient of 0.1. The light is 

accumulated at the center by the fifth-order spherical and balancing defocus, while the 

balancing third-order spherical spreads light toward the edge. Consequently, a strong 

central peak and sidelobes are formed. 

FES and gain 

The aberrations cause focus offset to increase, change the gain, and make the FES 

versus defocus curves more nonlinear. An FES versus defocus curve with disk 

aberrations is shown in Figure 3-20 at a = 5. Only astigmatism in the y direction, 

W222( 1/), coma in y direction, WJ31( 1/), and spherical, W (}10, are shown. W222(.L) and 

WI31(.L) don't change the light distribution in the y direction and generate very small 

focus offset. It can be seen from the figure that the FES curves are not straight in the 

single channels, while the differential FES is much more linear. However, focus offset 

still exists in the differential channel. This is because these aberrations change the light 

distribution in the y direction the some way as defocus does. A comparison of the FES 

curve with combined aberration and that without aberration is shown in Figure 3-21 at 
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Figure 3-21. PES versus defocus with no aberration and combined aberration at 

ex = 5. 
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a = 5. The FES curve is shifted significantly due to aberrations. The change of slope 

around zero defocus is very pronounced in the individual channels. 

O.8~------------------------------~ 

, 
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Figure 3-22. FES offset as a function of a with various aberration. 

Figure 3-22 shows more quantitatively the focus offset, de, as a function of a 

for the differential FES. Disk W222( II) produces a constant focus offset. This is because 

astigmatism curves the wavefront quadratically in the y direction just like defocus. For 

disk W~o, the offset decreases with a. Source aberrations and detection-optics 

aberrations behave similarly to disk aberration. They generate the same amount of focus 

offset. One exception is disk WI31("), which produces no focus offset if generated at the 

disk because of cancellation upon reflection. For source Wl3I(") and detection-optics 

W I31("), the total aberration is not canceled. Instead, the offset created by W13I(") is 
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relatively large, as shown in Figure 3-22. The sign of the offset due to detection-optics 

W131( II) is opposite to that of source W131( II) because the polarity is flipped upon 

reflection off the disk. The offset due to the combined aberrations exhibits a relatively 

large focus offset that is a strong function of 01. This is because the 6th-order spherical 

aberration changes the irradiance profile on the detector dramatically. 

The ratio of the gain with three detection-optics aberrations and with the combined 

aberrations, G, to the gain without aberrations, Go , is shown in Figure 3-23. The gain 

with the combined aberration varies as much as 30% in the single channels, as observed 

in Figure 3-21. The dependence on 01 is very strong in the single channels with a 

maximum at 01 == 6. The effect on differential gain is much less with a maximum 

change around 6%. The sensitivity to other aberrations is such that W222( 1.) and 

W 131 ( 1.) have very small effect and W 222( II) and W 040 cause less than 10 % change in 

single detector gain and less than 1 % in the differential gain. The change is the same 

if they are source and disk aberrations. W 131 ( ") causes as much as 15 % change in single 

detector gain and 3 % change in differential gain when it is due to aberrations in the 

detection optics. The same is true if it is source aberration, but disk W13I( II) has no 

effect on gain since it is canceled upon reflection. 

Aberrations also increase the RMS nonlinearity, but not dramatically. The change 

of linearity depends on 01. Again, W222( 1.) and WI31( 1.) don't have any impact since 

they don't change the light distribution in the y direction. So does disk Wl3l ( II), since 

it is canceled upon reflection off the disk. W222( II), W 040, and the case of combined 

aberrations give the most pronounced effects, increasing RMS deviation of differential 

FES by 0.5 %, 1 %, and 5 %, respectively, for disk aberrations at 0/ = 5. 
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Figure 3-23. Variation of gain as a function of ex with various aberrations. GJ, G2, 

and G are gains of detectors 1, 2 and differential, respectively. 
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Figure 3-24 (a) (b). Tracking crosstalks with various disk aberrations. 
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crosstalk of differential PES with ')..j4 of disk aberrations 
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Figure 3-24 (c). FES crosstalk due to tracking groove with disk aberrations. 

Crosstalk 

One of the most significant effects is that aberrations change the individual 

detector crosstalk amplitude and phase. The differential system can't completely cancel 

the crosstalk generated in the individual detectors if the amplitudes and phases of the 

signals are different. Hence, there is some crosstalk remaining in the differential system. 

The tracking crosstalks in EI, E2, and E are shown in Figure 3-24. The gain factor ot is 

5, and the crosstalk with "A/4 of five major disk aberrations are plotted. Some 

aberrations, such as W222( II), W13\("), and W(}IO only shift the FES curve away from the 

origin, and the shape of the crosstalk remains unchanged. Other aberrations, like 
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W222(.l) and WI31(.l), produce very small focus offset, but change the phase and 

amplitude of the crosstalk curve. 

Table 3-4. Crosstalk amplitude with source and detection-optics aberrations at 

at = 5. 

I Aberration I Source I Detection oEtics I 
fl f2 f ft f2 f 

W222( II) 0.410 0.342 0.014 0.608 0.488 0.052 

W222(.l ) 2.264 1.962 0.062 0.844 0.696 0.560 

WI3I ( II) 0.638 0.396 0.092 0.600 0.504 0.018 

WI3I(.l ) 0.720 0.606 0.052 0.762 0.598 0.422 

WI»O 0.536 0.536 0.030 0.582 0.526 0.004 

Figure 3-25 shows the amplitude of the track crosstalk as function of at for disk 

W222(.l) and WI3I(.l) aberrations, combined aberrations, and without aberration. The 

amplitude of crosstalk is significant in single channels. The crosstalk is particularly large 

at small at and becomes flat for at larger than 4. The residual crosstalk amplitude in the 

differential channel is much smaller. 

Other aberrations exhibit small crosstalk amplitude, which is comparable to that 

without aberration. The effects of other types of aberration are shown in Figure 3-26. 

Figure 3-26a displays the crosstalk in differential FES when the aberrations are from the 

source. The only noticeable effect is the focus offset in W222( /I), W13I ( /I), and Wl»o, 

The crosstalk is canceled completely in the differential channel. Figure 3-26b shows the 

crosstalk in the differential channel when the aberrations are from the detection optics. 

The focus offset is the same as that in disk aberrations, but the crosstalk amplitude is 
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Figure 3-25. Crosstalk amplitude as a function of Ol with disk aberrations and 

combined aberration. 
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Figure 3-26. Crosstalk of differential PES with (a) source aberration and (b) detector 

aberrations. 
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larger by a factor of 2. A list of crosstalk amplitudes with source and detection-optics 

aberrations for a = 5 is shown in Table 3-4. For source W222( J.), crosstalk amplitudes 

for individual detectors are around 2 ",m, but they are nearly in phase. The crosstalk in 

the differential FES is reduced to less than 0.1 ",m. For other source aberrations, the 

crosstalk amplitude is a factor of three to four lower for single detectors and is canceled 

well in the differential system. For detection-optics aberrations, W222( J.) and WI3I ( J.) 

cause both large crosstalk amplitude and different phases in individual channels. The 

crosstalk amplitude is reduced by only 20% to 50% in the differential channel. The 

residual amplitude is about twice as much as that of disk aberration for W222( J.) and 

WI3I ( J.). It indicates that the crosstalk induced by aberrations perpendicular to the track 

before spot/disk interaction can be canceled in the differential FES, while the crosstalk 

induced after the spot/disk interaction can't be canceled completely. The tracking offset 

generated by these aberrations is also important. Because the TES doesn't have a gain 

factor, like a, the analysis is more intuitive. Only odd aberrations perpendicular to the 

track create TES offset. The TES amplitudes are affected by aberrations through 

spot/disk interactions. 

Crosstalk Cancellation of the Combined Aberration 

Special attention is paid to the case of combined (measured) aberration. Figure 

3-27 shows the crosstalk with combined aberrations at Ol = 5. The crosstalk amplitude 

of individual channels differs by a factor of about 2, and the relative phase is also 

different. Total cancellation is not achieved in the differential FES. 

However, we found that, by rotating the detector, the phase of crosstalk can be 

adjusted. Figure 3-28a and 3-28b show the crosstalk of detector 1 and detector 2 when 
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Figure 3-27. TES and FES crosstalk with combined aberration at ex = 5. 
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the detector is rotated by an angle from _2° to 2° in 1° increments. When detector 1 is 

rotated by 0.5° and detector 2 by -1.5°, the individual crosstalks are 90° out of phase with 

the tracking signal. The crosstalk phase of detector 1 is then the same as detector 2, as 

shown in Figure 3-29a. The crosstalk in the differential channel is not completely 

canceled because the crosstalk amplitudes of individual channels are not the same. 

However, we can also change the electronic gain to compensate for the amplitude 

differences. By reducing the electronic gain of detector 1 by a factor of 2, the crosstalk 

amplitude and phase become the same. The crosstalk in the differential channel is 

canceled very well, as shown in Figure 3-29b. Theoretically, the crosstalk can be 

reduced to zero by fine tuning the electronic gain factor. 
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Figure 3-29. Crosstalk cancellation by rotating the detectors and adjusting the gain. 
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Because of gain changes due to aberration, as shown in Figure 3-23, the amount 

of crosstalk is not directly comparable in J,(m for each channel. The gains of detector 

1, detector 2, and the differential channel are 0.177J,(m-l
, 0.114J,(m-l

, and 0.291J,(m-l
, 

respectively. The crosstalk amplitudes are 0.653 J,(m, 0.48J,(m, and O.007J,(m, 

respectively. Note that, by changing the electronic gain, the differential FES is 

f = fl/2 - f2' The FES versus defocus plot is no longer the same as that displayed in 

Figure 3-10. 

Comparison to Other Techniques 

The search for the ideal focus servo technique has been going on since the early 

years of optical recording research. Many techniques have been invented and are being 

invented. Among these techniques, a few have been used commercially. Up to this 

date, none of these techniques is proven to be superior. Several criteria are used to 

evaluate a servo technique, such as gain, lock-on range, linearity in FES versus defocus 

curve, sensitivity to aberration, fabrication cost, alignment tolerance, etc. In this section, 

we first show the FES versus defocus plot calculated by the diffraction model for the 

astigmatic technique given in Chapter 2. Then, we compare the wax-wane focus servo 

technique with a few other techniques quoted from publications. 

We describe the astigmatic technique in Chapter 2 (Figure 2-4). The FES versus 

defocus plot calculated by our diffraction model is shown in Figure 3-30. The gain and 

lock-on range calculated by this model are 0.14 J,(m- I and 19 J,(m, respectively. The first 

order calculations shown in Figure 2-5 agree well with the diffraction calculations. In 

the region where a line focus is approached, the first-order calculations give an FES of 

unity, but the diffraction model that takes into account finite beam size due to diffraction 
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Figure 3-30. Diffraction modeling results of FES versus defocus for astigmatic 

technique. 

and gives an FES less than unity. 

Table 3-5 lists a few parameters of the wax-wane technique and a few other 

techniques. The single and differential wax-wane results are shown here. The results 

of double astigmatic and pupil obscuration techniques are given by Bernacki (1992). 

Single astigmatic results are given by Cohen (1987). Configurations vary from system 

to system. The parameters, such as lens focal lengths, depend on the exact system setup. 

This comparison is only intended to paint a picture of how each technique performs in 

a particular configuration, rather to conclude which one is better. 

The gain and lock-on range depend largely on the system design. In general, the 

pupil obscuration technique has large gain and small lock-on range. In the astigmatic 

technique, a large gain can be achieved, but at the same time, the lock-on range is often 



Table 3-5. Comparison of a few focus servo techniques. 

Technique gain I.o.r. c.a. sensitivity to aberrations 
(JLm-l) (JLm) (JLm) 

focus offset crosstalk 

single wax- 0.144 13 0.6 W222("): O.4Jtm W222(.L ): 
wane (cx=5) 1. 2Jtm , 

W(}1o: 0.24J.!m others: 0.6p.m 

diff. wax- 0.288 30 0.04 same as above < 0.3p.m for 
wane (cx=5) all abo can be 

eliminated 

pupil obs. 0.5 9 0.24 small, less than W222@45O: 
(Bernacki 0.1 I'm 0.6p.m 
1992) other: 0.3 I'm 

double ast. 0.18 10.5 0.27 small, less than W222 @45° 
(Bernacki 0.1 p.m is reduced to 
1992) < 0.27p.m 

astigmatic 0.61 5 0.24 small W222: large 
(Cohen 
1987) 

AbbrevIations: obs.: obscuratIon ast. : 
I.o.r.: lock-on-range NA: not available ab.: 
c.a.: crosstalk amplitude (no aberration) 

astIgmatIc 
aberration 
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reduced. The differential wax-wane technique, on the other hand, has both a large gain 

and large lock-on range. 

One important parameter of servo systems is pattern noise, or crosstalk (Prikryl, 

1989 and Marshall, 1991). For crosstalk without aberrations, the single wax-wane 

technique gives the largest crosstalk amplitude. The pupil obscuration technique, 

astigmatic and double astigmatic technique have about the same crosstalk amplitude of 

0.25p.m. Only the differential wax-wane technique has a crosstalk much less than 

0.1 p.m, and this crosstalk can be eliminated completely. This is a clear advantage of 
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the differential wax-wane technique. 

When aberrations are present, focus offset increases and the crosstalk amplitude 

usually increases. The results shown are with 'A/4 of each aberration. The pupil 

obscuration technique and astigmatic techniques produce less focus offset when 

aberrations are present. The disadvantage of the differential wax-wane technique is the 

large focus offset due to aberration. However, this offset can be canceled electronically. 

The aberrations that especially impact the wax-wane technique are spherical and 

astigmatism. These aberrations don't change significantly when the disk is spinning. 

The effect can be minimized by adding a constant focus offset. The crosstalk amplitude 

varies significantly, depending on the servo technique and aberration. Astigmatism 

creates the largest crosstalk. It also depends on the direction of the astigmatism with 

respect to the tracking groove. Single wax-wane has larger crosstalk amplitude, but 

individual detectors can be well balanced in the differential wax-wane technique. By 

proper detector rotation and electronic gain adjustments, the crosstalk can be completely 

eliminated in the differential wax-wane technique, as shown in last section. The pupil 

obscuration technique generates large crosstalk when W222 at 45° is present. It is less 

sensitive to other aberrations. The astigmatic technique is very sensitive to W222 at 45°. 

However, the crosstalk can be reduced to the level without W222 using the double 

astigmatic technique. 

The differential wax-wane technique has large gain and lock-on range. The 

optical system is simple, consisting of only a lens, a beam splitter, and two detectors. 

Both servo and data signals can be derived from the same setup, which reduces the cost 

significantly. The major advantage is that it can completely eliminate crosstalk, even 

when aberrations are present. 
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Summary 

We presented a new differential wax-wane servo method and a scalar diffraction 

model to study its performance. Our method has several advantages over a single wax

wane focus servo method. The gain is two times higher, the lock-on range is better 

defined, and the linearity is ten times better in terms of RMS deviation. It is also 

insensitive to track rotation and disk tilt. The differential focus servo can cancel pattern 

noises, such as tracking crosstalk and sector-mark crosstalk. In the direction parallel to 

the tracks, the detector is very sensitive to misalignment. The displacement necessary for 

a 0.25 #-,m focus error increases from 1.3 #-,m to 4.0 J.tm as Ol increases from 2.0 to 10. 

Detector displacement tolerance in the direction of light propagation is very loose. 

The effect of aberration varies depending on where the aberration is introduced 

and what kind of aberration it is. The focus offset in the differential channel is the same 

as in a single channel. Crosstalk, change of gain, and nonlinearity are improved in the 

differential channel. W222(.L) and WJ3J(.L) generate no focus offset and don't change 

the gain or linearity, but they change the amplitude and phase of track crosstalk 

significantly. WI3I ( II) has minimal effect on any parameter if it is disk aberration, but 

changes focus offset, gain, and crosstalk amplitude if it is source or detection-optics 

aberration. The most significant effect of W222(") and W040 is the focus offset. The case 

of combined aberrations (in which we measured the aberrations on our optical system) 

generates a large focus offset that is a strong function of Ol. The change of gain is about 

30% in the single detectors and is reduced to about 6% in the differential channel. There 

is about 0.7 #-,m of track crosstalk in a single channel, and the amplitude and phase are 

different between the two individual channels. Thus, crosstalk is not canceled in 

differential channel. However, by proper detector rotation and electronic gain 
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adjustment, the crosstalk can be reduced to less than 0.1 #tm. The differential servo can 

reduce sector mark crosstalk by a factor of two. 

A comparison of the differential wax-wane focus servo technique with other 

techniques is also given. The differential wax-wane technique has larger gain and lock

on range compared to other techniques. Without aberration, the differential wax-wane 

technique has much smaller crosstalk amplitude than any other technique. Even if 

aberrations are present, the crosstalk can be completely eliminated using differential wax

wane technique. The overall performance of the differential wax-wane technique is 

better than the other techniques. 
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A dynamic magneto-optical (MO) tester was designed and built in our laboratory 

for testing erasable MO disks. The differential wax-wane focus servo technique is used 

to control the focused spot on the disk. In order to improve the performance of the 

tester, we developed a diffraction model to characterize the optical system. Extensive 

experimental work has been done to verify the diffraction model and to improve the 

focus servo. One key connection is the measurement of the wavefront aberration in the 

optical system. By implementing the measured wavefront in the diffraction model, we 

achieve excellent agreement between experimental and modeling results. In this chapter, 

we present these experimental results and comparisons between modeling and 

experiment. 

First, the design of the tester is summarized. Then, an alignment procedure of 

the optical head using an autocollimator is given (Froehlich et al., 1991). The wavefront 

measurements using a phase shifting interferometer are presented in detail. The 

measured wavefront is used in the diffraction model to predict beam profiles, system 

parameters, crosstalk, etc. The irradiance profiles on the disk and at the detector plane 

were measured using knife edge scan and linear CCD array, respectively. We evaluated 

the system parameters such as FES versus defocus and gain. Crosstalk due to both 

grooves and sector marks was also measured. Results of the above measurements are 

presented and are compared to the diffraction modeling results. Servo in a dynamic 

environment is discussed briefly in the last section of this chapter. 



117 

Design of an Optical ~ 

The layout of the head optics is shown in Figure 4-1. A 780nm laser diode is 

first collimated by a collimating lens. The beam is then circularized by an anamorphic 

prism pair. The beam passes through a partial polarizing beam splitter (PPBS) and is 

focused onto the disk by an objective lens. The light reflected from the disk is re

collimated by the objective lens and directed to the detection optics by the PPBS. The 

detection optics consists of a quarter-wave plate, a half-wave plate, a detector lens, a 

polarizing beam spliter, and two quadrant detectors. One quadrant detector is placed 

inside of the focal plane of detector lens, and the other is placed outside of the focal 

OBJECTIVE 
LENS 

PPBS 

ANAMORPHIC 
PRISM PAIR 

COLLIMATOR 

LASER DIODE 

r-:r:.III.~; 
I(~ •• -':t~ I ,---, , , , ' 

',I RELAY 
~ 

DISK 

PBS 

1\ LENS !J. l , , .......... , , , , 
..d.:::t~ =c---X .. 

r-- J
.:::

J
-----------, 

I I 
I I 

I LADITE I 
I I 
I I 
I I 
L_. ________________ ~ 

DETECTOR 2 

z 

yJr-x 

Figure 4-1. Optical system of a magneto-optical tester. Testing path is drawn in 

dashed lines. 
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plane. The quadrant detectors are used to generate both data and servo signals. 

The laser diode is a Sharp LT024 operating at 780 nm. The laser diode is index 

guided with beam divergences of 10° and 29° (FWHM) parallel and perpendicular to the 

junction, respectively (Bushroe, 1989). The maximum output power is 30mW, and 

IOmW can be delivered onto the disk for writing MO domains. 

A built-in high frequency modulator is used to reduce the laser feedback noise. 

The function is explained in the following. A laser diode is normally operating in single 

mode. The optical disk and front facet of the laser diode form an external laser cavity. 

The external cavity causes mode hopping, which results in severe feedback noise (Miles 

et al., 1981 and Biesterbos et al., 1983). This feedback noise affects not only the MO 

signal but also the servo signals (Arimoto and Ojima, 1984). The feedback noise can be 

reduced by modulating the laser with a high frequency modulator (Arimoto et al., 1986). 

The laser is forced to operate in multi-mode and is less sensitive to optical feedback. 

When the high frequency modulator is turned on, the feedback noise is a strong function 

of the length of the external cavity (Call and Finkelstein, 1989). This is characterized 

by phase delay of the reflected pulse: 

2L 
phase delay - f - x36()O 

c (4-1) 

where f is the modulation frequency, L is the optical length between laser cavity and 

disk, and c is the speed of light. The laser noise versus phase delay is shown in Figure 

4-2 (Call and Finkelstein, 1989). LNT/SNT is the normalized laser noise power to shot 

noise power in a drive. The minimum noise level occurs every 360° at 90°, 450°, etc. 

The noise level is the smallest if the reflected light intensity is minimum when the laser 
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power reaches maximum. If a maximum reflected power reaches the laser cavity just 

before the emitting laser power is maximum, the noise is the largest. In our optical 

head, fis 250MHz, Lis 200mm, and the phase delay is 1200. The noise level is not the 

minimum, but the noise level is still very low. For optical drives such as shown in 

Figure 1-1, the objective lens is constantly moving. It is impossible to have a phase 

delay of 900 at all positions. The modulating frequency and the phase delay should be 

chosen such that the noise level remains relatively low within the entire travel range of 

the moving part. 

Our collimating lens has a focal length of 6.25 mm and an aperture diameter of 

5 mm. The collimating lens is slightly defocused to balance the astigmatism caused by 

the laser diode geometry (Cook and Nash, 1975). The anamorphic prism pair has a 

magnification of 3x to compensate the 10° to 29° laser beam ellipticity. The prism pair 

can also reduce the astigmatism by stretching the wavefront (Milster, 1989). The PPBS 

reflects 20% of the p-polarizcd light, 100% of the s-polarized light, and transmits 80% 

of the p-polarized light. Thus, the PPBS allows only p-polarized light incident on the 

disk by reflecting 100 % of the s-polarized light. The ratio of the partial polarizing beam 

splitter is chosen to enhance the Kerr rotation angle and yet retain enough laser power 

on the detectors to achieve large signal-to-noise ratio. 

The beam is focused onto the disk by an Olympus AV4350-3 objective lens 

mounted on a TAOHS-PB7 actuator. The objective lens is a glass triplet corrected for 

infinity. It is also designed to compensate aberrations caused by the cover plate. The 

designed rms aberration of the lens is less than 0.018A on axis and less than 0.05A at 100 

ILm field. The numerical aperture (NA) of the objective is 0.5 and the aperture diameter, 

d, is 4.3 mm. The measured overfill on the aperture stop is 2w/d=0.82 in the x 
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direction and 2w/d= 1.0 in the y direction, where w is lie'- radius of the Gaussian beam 

irradiance. The overfill is not optimized according to Raskal (1979), but it is sufficient 

to satisfy spot size and throughput requirements (Milster et al., 1990). The aperture of 

the objective lens is the stop for the optical system. The beam is reflected back by a 

removable glass or plastic magneto-optical disk mounted on an air-bearing spindle. 

The half-wave plate is used to rotate the polarization by 45°. Then, the PBS 

separates the s- and p-polarized light onto detector 1 and detector 2, respectively. The 

MO signal is detected by subtracting the photo currents of the two detectors. Without 

Kerr rotation, there is an equal amount of s- and p-polarized light. The two detectors 

have the same photo current and the signal is zero. When polarization of the reflected 

light is rotated by MO material on the disk, either detector 1 or detector 2 will have 

larger photo current than the other. Nonzero MO signal can be detected. The quarter

wave plate placed in front of the half-wave plate is used to compensate for ellipticity in 

the reflected beam. The optical path length from the objective lens to the plano-convex 

detector lens is 150 mm. The detector lens has a focal length of 124 mm. The distances 

from detectors to the focal plane of the detector lens are All = -18.74 mm for detector 

1, and A/2 = 17.62 mm for detector 2. The detectors are standard silicon quadrant cells 

with a total active area of 1 mm2 and 10 Jlm wide gaps between adjacent quadrants. 

Alignment of the Optical Head 

Micron-size laser spots are required in optical data storage systems to maximize 

information density on an optical disk. The track pitch is typically 1.6 Jlm for erasable 

magneto-optic disks. Precise alignment of the laser diode optics and diffraction-limited 

spots is needed to meet these stringent dimensional requirements. The beam incident on 
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the objective lens must also be well collimated and aberration free to produce diffraction

limited spots. Furthermore, the beam must be aligned to the system axis to prevent the 

objective from generating coma. 

laser 
diode 

heat 
sink 

collimating 
lens 

detection 
optics 

autocollimator 

CCD 

Figure 4-3. Optical head layout and arrangement of the autocollimator and CCD 

camera. 

An autocollimator is used for alignment and detecting collimation. The objective 

is removed during the laser diode alignment procedure, and the autocollimator is 

positioned as shown in Figure 4-3. A CCD camera is used to detect images formed by 

the autocollimator. 

Alignment of the laser diode and collimating lens is performed as follows. A 

HeNe laser and pinhole targets are used to establish a system axis, and the autocollimator 

is aligned parallel to this axis. The PPBS, anamorphic prism-pair, and collimating lens 

mount are then aligned by overlapping the cross hairs reflected from an optical surface 

with the original cross hairs of the autocollimator. The laser diode is held in a heat sink 
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that is pre-loaded against the collimating lens mount with an x-y-z manipulator. The laser 

diode/heat sink is adjusted laterally in x and y to set the beam direction. The collimating 

lens is adjusted in z for focus by a second manipulator. The beam is first roughly 

aligned with the aid of an IR viewer to see that it is approximately collimated and 

centered on the apertures of the prism-pair, PPBS, and autocollimator. The rough 

alignment results in a defocused image appearing on the CCD camera. A fine alignment 

is then performed by tweaking the two manipulators until a focused diffraction spot 

appears centered on the crosshairs of the autocollimator. This condition indicates that 

the beam is on the system axis and is well-collimated. The coarse and fine alignments 

require only several minutes to perform, resulting in rapid convergence to an aligned and 

collimated beam. Once the system is aligned, the laser diode/heat sink and collimating 

lens are epoxied in place, and the manipulators are removed. 

Images produced by the autocollimator are circular when the beam is collimated 

and on-axis. Elliptical images are observed if the beam is not collimated. An off-axis 

beam is indicated when the center of the image is not in the center of the crosshairs. 

The autocollimator provides a very sensitive measure of beam collimation. This is 

verified by checking the collimated wavefront with a simple lateral shearing 

interferometer. The interferogram produced by this test showed very straight fringes, 

which indicates that the wavefront is of high quality (Froehlich et al., 1991). 

The collimated wavefront was also measured with a LADITE laser diode 

wavefront tester manufactured by WYKO Corp. A detailed discussion is given in the 

following section. The total wavefront error was found to be 0.02 waves (rms), and the 

Strehl ratio was 0.985. This wavefront quality represents diffraction-limited performance 

according to Rayleigh's criterion and Marechal's criterion (Born and Wolf, 1980). 
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The objective lens and actuator assembly is then placed back onto a lens mount 

with x and y adjustments. The laser diode is turned on at this point so that the light 

transmitted through the objective lens can be used to determine the alignment. The 

objective lens is adjusted in x and y to compensate for beam offset. The alignment is 

complete when a round centered laser beam is coming out the objective lens. 

The alignment of detection optics is straightforward. The wave plates and PBS 

are large components. It is sufficient to align them by positioning the reflected beam 

from the front surface back to the original beam through visual inspection. The detector 

lens is a low NA plano-convex lens. The only caution is to position the curved side 

toward the collimated beam. Quadrant detectors are mounted on a x-y-z and () stage. Its 

z position is fixed according to the prescription. We then look at the focus and tracking 

error signals generated from each detector. We adjust the detector in y so that a 

reasonable FES curve is observed. We close the focus loop at this point. Then we fine

tune the detector in y until the amplitude of the TES is maximized and in x until the TES 

offset is zero. The detector rotation is adjusted so that the FES crosstalk and TES are 

90° out of phase. The detector alignment errors are less than 1 p.m in x and y and a 

fraction of one degree in (). 

Wavefront Measurements 

The wavefront error at several planes were measured with a LADITE laser-diode 

wavefront tester manufactured by WYKO Corporation. The interferometer is first 

calibrated with a reference source. The reference source was a laser diode that is 

spatially filtered to be virtually aberration free. The objective lens was removed so that 

the entrance pupil of LADITE was located at the stop of the objective lens. The rms 
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Figure 4-4. Wavefront map at the entrance pupil before entering the objective lens. 
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Figure 4-5. Irradiance profiles at the entrance pupil. 
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wavefront error is 0.02A and the Strehl Ratio is 0.985, as shown in Figure 4-4. It is . 

well collimated and diffraction limited. The wavefront has a small amount of 

astigmatism, and the rest of the error is random noise. The measured irradiance profiles 

are shown in Figure 4-5. The profile in the x direction shows a Gaussian shape with a 

1/e2 radius of 1. 76 mm. The profile in y is also close to Gaussian with a 1/el radius of 

2.16 mm. 
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We measured the PPBS separately. The reference source was set in the path of 

the reflected beam. It was aligned and centered in the LADITE. This wavefront 

contained only aberration of the PPBS. We found that the PPBS had astigmatism and 

the peak-to-valley amplitude was 0.27 waves over a circular aperture that is the size of 

the stop, as shown in Figure 4-6. The astigmatism is in the y direction. The wavefront 

transmitted through the PPBS was also measured, and this wavefront error is negligible. 
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The wavefront reflected from the disk was measured using the setup shown in 

Figure 4-1 with dashed lines. A high-quality first-surface mirror after the PPBS reflected 

the beam into a relay lens. The relay lens was used to relay the pupil of the objective 

lens to the entrance pupil of LADITE in order to avoid errors due to diffraction 

propagation. The relay lens consisted of two identical cemented doublets that formed a 

4f system, where the entrance and exit pupils of the relay lens were separated by four 

times the focal length of a single lens. The relay lens was tested separately with the 

LADITE and exhibited only 0.012 wave rms aberration. 

After data were acquired for the reflected wavefront after the PPBS, the 

wavefront of the PPBS and the relay optics were subtracted. This gives the wavefront 

before the PPBS that is due to a combination of laser optics and objective/cover-glass 

aberrations, as shown in Figure 4-7. The aberration is mostly fifth-order spherical 

balanced with third-order spherical and defocus. The rms wavefront aberration is 0.054 

waves. Since the aberration due to laser optics is relatively low, we can regard this 

aberration as disk aberration. 

Recall that even aberrations are doubled in double pass. If the objective lens is 

well aligned, odd aberrations, like coma, are eliminated. The rms wavefront aberration 

at the disk is difficult to calculate since the aberration due to laser optics can't be linearly 

subtracted. The approximate number for the disk aberration is slightly larger than half 

of the measured rms value of 0.054, i.e., 0.027 wave. This implies that the focused spot 

is diffraction limited as defined by Marechal's criterion. 

The reflected wavefront after the PPBS is shown in Figure 4-8. The discrepancy 

between x and y directions is caused by the astigmatism of the PPBS. The rms 

wavefront error is 0.079 wave, which is much worse than that before the PPBS. This 

.... 



DD2RPP8S 16:49 01/09/92 

rms: 1:,.054 
wv: 780. eln m OPO 

T P 
p-v: 0.396 
pupil: 100:-: 

O,.llntatlon 

D 
~ 

errant) 

iii .... 

-1.1111 

-II. 21~ 

UI 1.1011 
~. -m.217 

WYKO 

Figure 4-7. Wavefront aberration at the exit pupil of the objective lens. 
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Figure 4-8. Wavefront after the PPBS, the total aberration in the optical system. 
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aberration is primarily a mixture of fifth-order spherical, balancing third-order spherical, 

and astigmatism. 

Table 4-1 List of measured Zernike coefficients. Z1(n): aberration of the 
objective lens; ~(n): reflected wavefront. 

n ZI(n) ~(n) n Z\(n) ~(n) n Z\(n) ~(n) 

1 0.000 0.000 6 -0.008 0.007 11 0.019 0.028 

2 0.000 0.000 7 -0.008 -0.009 12 0.014 0.011 

3 0.000 0.000 8 -0.020 -0.016 13 -0.014 0.001 

4 -0.032 -0.143 9 0.007 0.014 14 -0.033 -0.031 

5 -0.021 -0.036 10 0.011 0.007 15 0.114 0.111 

Table 4-1 lists the first fifteen Zernike coefficients Z1(n) of the objective-lens/disk 

aberration (disk aberration) and ~(n) of the entire reflected wavefront. The first three 

polynomials, which represent tilt and defocus, are removed. As we discussed previously, 

the single-path disk aberration is half of the total, i.e., Z112. The aberration of the 

reflecting path, which includes the contributions of disk aberration Z.t2 and beam splitter 

The reconstructed wavefront at different positions is shown in Figure 4-9. In 

Figure 4-9a, the wavefront of the disk aberration in single pass is shown. It is mostly 

spherical aberration. This is the wavefront error we add to the entrance pupil in 

diffraction calculations. Figure 4-9b displays only aberration of the PPBS. The 

astigmatism is balanced by a certain amount of defocus to make it a saddle-shaped 

wavefront. Figure 4-9c shows the wavefront aberration in the reflection pass, i.e., single 
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(a) (b) 

(d) 

Figure 4-9. Reconstructed wavefront of (a) disk aberration in single pass; (b) 

aberration of the PPBS; (c) aberration in the reflection pass; (d) total 

aberration. 

path disk aberration plus the aberration of the PPBS. This wavefront error will be added 

to the exit pupil of the objective lens in diffr'dction calculations. The total aberration in 

the system is shown in Figure 4-9d. It matches well with Figure 4-8, except the noise 

in the measured wavefront is not represented by Zemike polynomials. In our 

measurement, Zemike polynomials are very good representations of the original 

measured wavefront aberrations. 

Because WYKO's wavefront sign convention isjust the opposite of ours (LADITE 

manual, WYKO Corp.), the signs of these wavefronts are reversed in our calculations. 
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Zernike coefficients listed in Table 4-1 and Table 3-3 are converted into our sign 

convention. However, for the purposes of comparison, WYKO's convention is used in 

Figure 4-9. 

Irradiance Profiles in the System 

The spot size focused on the disk was measured with a Spot Scan knife-edge 

scanner manufactured by Photon, Inc. The differential knife-edge output is shown in 

Figure 4-10a and the modeling result is shown in Figure 4-10b. The measured FWHM 

spot size was found to be 0.821lm in both the x and y directions. This spot size is close 

to the theoretical value of 0.89 Ilm calculated with the measured aberration, within the 

measurement tolerance of the Spot Scan instrument. 

A linear CCD array (CCDI23 by Fairchild Weston Systems, 13llm by 10Ilm on 

10Ilm pitch, 1728 elements, dynamic range 5500: 1) was set in the plane of detector 2 to 

obtain line profiles of the irradiance pattern. Figure 4-11a shows the observed line 

profile in the x direction and Figure 4-11b shows that in the y direction. If no 

aberrations were present, the edge should fall rapidly, as predicted in Figure 3-8a. 

However, a sidelobe shows up around a sharp central peak. Third-order aberration 

cannot produce this sidelobe and sharp central peak. The line profile was quite close to 

that predicted using fifth-order spherical aberration, as shown in Figure 3-19c. To model 

this line profile, we used the measured Zernike coefficients of Table 4-1, as discussed 

in last section. The model was used to propagate the beam from the objective lens 

entrance pupil to the disk, from the disk to the exit pupil of the objective lens and to the 

detector plane. The modeling results of the line profiles in x and y directions are shown 

in Figure 4-12a and Figure 4-12b, respectively. A good agreement between modeled and 
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Figure 4-11. Observed line profiles at the detector plane in the x and y directions. 
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measured beam profiles is achieved. 

Measurement of System Parameters 

A measured FES versus defocus curve for Ol = 5 is shown in Figure 4-13a. The 

modeling results with the same parameters are shown in Figure 4-13b. The objective 

lens, which sits on a TAOHS actuator, can move in z (focus) and x (tracking) directions. 

A low-frequency sawtooth signal is injected into the focus coil to drive the objective lens 

in and out of focus for the FES measurements. The modeling results are obtained with 

the measured aberrations. The detector offset is first found by setting FES to zero at 

zero defocus. The modeling results correspond well to the measured results. In both 

modeling and experimental results, the differential signal, E = €1 - €2 , is more linear 

than either of the two individual signals. The gain is doubled for the differential signal, 

and the symmetric lock-on range is better defined. These characteristics are true of all 

differential signals we examined. The differential FES versus defocus curves measured 

for Ol = 2, 4, 6, 8, and 10 are plotted in Figure 4-14. It can be seen that the gain and 

lock-on range increase as Ol increases. The measured results are quiet close to Figure 

3-11, even though Figure 3-11 is calculated without aberration. 

Another FES versus defocus curve is shown in Figure 4-15 for Ol = 5 when the 

gain in detector 1 is reduced by a factor of 2, i.e., €' 1 = €/2. The differential FES is 

€ = €' 1 - €2' Gains of channell and the differential channel decrease correspondingly. 

The differential FES still has large gain and well defined lock-on range. The linearity 

around zero defocus is also good. One drawback is that the differential FES crosses zero 

a second time at a defocus position well to the left of zero defocus. This zero crossing 

occurs at larger defocus than that of the single FES. The overall performance is good 
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Figure 4-13. FES versus defocus curves at ex = 5. (a) experimental results, four 
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Figure 4-14. Differential FES versus defocus measured for (Y = 2, 4, 6, 8, 10. 
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Figure 4-15. Measured FES versus defocus for (Y = 5 after gain in detector 1 is 

reduced by a factor of 2, i.e., EI' = E/2 and E = EI' - E2' 
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after the gain in detector 1 is adjusted. 

Table 4-2. Comparison of calculated and measured gain. 

gain (11 J.'m) EI E2 E 

calculated No aberration 0.139 0.141 0.280 
results 

Combined aberration 0.177 0.114 0.291 

measured combined aberration 0.18 0.119 0.30 

The gains of the system at ex = 5 are also measured. The results are listed in 

Table 4-2. Within the measurement tolerance, the measured results agree well with the 

calculated results when aberrations are added in the diffraction model. 

Investigation of Crosstalk 

An SEM photo of a section of an optical disk is shown in Figure 4-16. This disk 

has the same tracking groove geometry as the one we used in our experiments. There 

is no MO material or aluminum reflection layer on this disk. This allows a clear SEM 

photo to be taken. The tracking groove is V-shaped with a depth around 0.07 ",m. It 

is close to one-eighth wave of optical thickness used in the model. The medial width of 

the tracking groove is estimated to be 0.4 to 0.5 ",m from the cross section shown in the 

SEM photo. It is about 30% of the total tracking separation, so the 30% duty cycle that 

is used in our calculations is a good approximation. 

Figure 4-17 shows the measurement results of the tracking crosstalk at ex = 5. 

We inject a small amplitude sawtooth signal in the tracking coil to drive the focused spot 
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Figure 4-16. SEM photo of a section of an optical disk showing the tracking 

grooves. 

across tracks. An adjustable current is injected into the focusing coil to fine-tune focus. 

The individual detectors are adjusted rotationally so that the FES and TES are 900 out 

of phase. In Figure 4-17a, the crosstalk in single channels are in phase but have 

different amplitude. The resulting crosstalk in the differential FES E = El - E2 is not 

canceled. In Figure 4-17b, the electronic gain in detector 1 is reduced by a factor of 2 

so that the differential FES is f = E/2 - f2' The crosstalk signals of the single detectors 

are now in phase and have the same amplitude. The crosstalk in the differential channel 

is canceled very well. These results can be directly compared to that of Figure 3-29. 
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Figure 4-17. Measurement results of tracking crosstalk at a = 5, (a) with detector 

rotation adjustment; (b) with both detector rotation and gain adjustment. 
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The small discrepancy between Figure 4-17b and Figure 3-29b in differential FES could 

result from several factors, such as detector position error including rotation angle, or 

nonperfect representation of the tracking groove in the model. The overall agreement 

between the experimental results and the modeling prediction is well within the 

measurement and modeling tolerance. 

Table 4--3. Crosstalk amplitude in I'm at a = 5. 

f\ f2 f 

calculated No adjustment 0.653 0.766 0.22 
peak-to-peak 
crosstalk With rotation 0.653 0.48 0.209 
amplitude 

With rot. & gain adj. 0.653 0.48 0.007 (I'm) 

Measured (I'm) With rot. & gain adj. 0.58 0.43 0.05 

Because of gain changes due to aberration, as shown in Figure 3-25, the amount 

of crosstalk shown in Figure 4-17 and Figure 3-29 is not directly comparable in I'm for 

each channel. In order to better quantify the crosstalk amplitude, the gain and crosstalk 

amplitude in I'm of each channel are listed in Table 4-3. The measured data agrees well 

with the prediction of the diffraction model. 

Sector-mark crosstalk is also measured, as shown in Figure 4-18a. The sector 

marks are sharp, short mirror marks perpendicular to the tracking groove. Since the 

response of the servo system is slow, high-frequency components of the FES signal are 

filtered out. For the detectors arranged as in Figure 2-10, the sector-mark crosstalk in 

individual channels is canceled in the differential FES. The electronic gain in detector 1 
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Figure 4-18. Sector-mark crosstalk, (a) measured results at Ol = 5, (b) diffraction 

modeling results. 



143 

is reduced by a factor of 2 in both experimental and modeling results. The measured 

peak-to-peak sector-mark crosstalk amplitudes are 0.49J.tm, 0.46J.tm, and 0.21J.tm for El 

, E2 , and E respectively. The crosstalk of individual channels is reduced in the 

differential channel by a factor of two. The not-so-perfect cancellation comes from the 

aberrations of the system, similar to the case of track crosstalk. The aberrations change 

the irradiance distribution, and the resulting crosstalk amplitudes of individual channels 

are no longer the same and are out of phase. After the high frequency component is 

filtered out, the calculated sector-mark crosstalk is shown in Figure 4-18b. It matches 

well with the measured results shown in Figure 4-18a. A similar cancellation was also 

observed for minor defects at the recording surface. 

Servo in a Dynamic Enyironment 

In optical drives, the optical disk is spinning at high speed, usually 1800 rpm. 

The servo system is operating in a dynamic environment, which is illustrated in Figure 

1-3 by a control loop. The response of the control loop is characterized by the Bode plot 

shown in Figure 2-2. In general, the servo loop can respond to low-frequency 

perturbation very well, such as 30 Hz focus error caused by the spinning disk. For high

frequency focus error, such as tracking crosstalk during a seek operation, the actuator 

can't follow the error as well as with lower-frequency disturbances. In this section, we 

show the effect of tracking crosstalk for both single and differential wax-wane servo 

techniques. 

Because of eccentricity of the tracking grooves on the disk, the laser beam on the 

disk is constantly crossing tracks when the tracking servo is turned off. Tracking 

crosstalk is measured in focus channels. The effects of crosstalk vary as disk speed 
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3600 rpm: 1 

1800 rpm 

900 rpm 

Detector 1 locked TES 

Figure 4-19. Measured crosstalk for various disk speed, focus servo locked on 
channell, Ell see page 147 for detailed explanations. 



/ 
/ 

3600 rpm: j 

l 

1800 rpm 

900 rpm 

j 

l Di 

/1 : I, 

I 

fferential 

Detector 2 ; 

/, , , , ~ , ~ 
I: 

TES 

145 

Figure 4-20. Measured crosstalk for various disk speed, servo locked on differential 
channel, E, no gain adjustment, see page 147-148 for detailed 
explanations. 
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Detector 2 

Differential TES 

Figure 4-21. Measured crosstalk for various disk speed, servo locked on differential 
channel, E, with the gain in channell reduced by a factor of 2, see 
page 148 for detailed explanations. 
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·varies due to the frequency response of the actuator. Figure 4-19 shows FES and TES 

at disk rotation speeds of 900 rpm, 1800 rpm, and 3600 rpm. €1 and €T are shown in the 

lower half of each scope trace and E2 is shown in the upper half for each disk rotation 

speed. €1 is used to control the focus. While €1 shows how the active FES reacts to 

crosstalk, €2 displays the focus error including crosstalk detected by the other FES. At 

900 rpm, the active FES is able to correct the crosstalk when the track crossing speed 

is low. However, the focus actuator is responding to a false FES. The actuator is 

driving the objective lens in and out of focus following the crosstalk. Larger crosstalk 

amplitude is observed in €2' The crosstalk increases as the track crossing rate increases. 

The servo loop can no longer correct this false FES. Irregular crosstalk patterns appear, 

which are caused by small gain and phase delays of the actuator at high frequency. For 

example, at certain track crossing frequencies, a positive FES is detected. Because of 

the phase delay, by the time the actuator reacts to reduce FES, the FES has already 

become negative. This actually increases the crosstalk and creates the irregular crosstalk 

pattern. It is even worse at 1800 rpm. However, at 3600 rpm, the crosstalk amplitudes 

are large only in regions of relatively low track crossing frequency. At higher 

frequencies, the actuator can no longer follow the crosstalk due to the response of the 

actuator. 

When the servo is locked on differential FES, the crosstalk amplitude is much 

less, as shown in Figure 4-20. The detectors are rotated to equalize the phase of the 

crosstalk in the individual channels. The FES scale of all channels is the same in J.tm and 

is only half of that in Figure 4-19. € and ~ are shown in the lower half trace, while €I 

and €2 are shown in the upper half. The servo response is similar to that shown in 

Figure 4-19, except that the crosstalk in the differential FES is smaller and corrected 
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more thoroughly. At 900 rpm and 1800 rpm, the crosstalk in the differential channel is 

very small. The crosstalk in the single channels are large but have the same amplitude. 

However, the static measurements shown in Figure 4-17a showed that the single-channel 

crosstalk amplitudes are off by a factor of 2. The contradiction comes from the fact that 

the active servo is following the crosstalk in the differential channel. The crosstalk in 

single channels are forced to be equal to give zero FES in the differential channel. At 

3600 rpm, the servo loop can no longer follow the focus error and residual crosstalk 

shows up in the differential FES. 

If the electronic gain in channell is reduced by a factor of 2, which corresponds 

to equalizing the amplitude of the crosstalk in each channel, the response is a little 

different, as shown in Figure 4-21. The scale in volts/div in channell is two times that 

of channel 2 to show the gain adjustment. The crosstalks in single channels actually have 

about the same amplitude in voltage. At 900 rpm and 1800 rpm, the crosstalk 

amplitudes are the same in the differential channel as in Figure 4-20, but amplitudes in 

individual channels are different. At 3600 rpm, the differential FES has smaller overall 

amplitude than that in Figure 4-20. 

We also investigated the pattern noise due to disk tilt. Figure 4-22a shows the 

FES and TES with a disk tilt of about one degree at a rotation rate of 1800 rpm. The 

focus is locked on channell. The pattern noise caused by the disk tilt is corrected. The 

other channel detects both tracking crosstalk and pattern noise due to rotation. As 

illustrated in Figure 2-17, this pattern noise can be eliminated in the differential FES. 

When it is locked onto the differential channel, as shown in Figure 4-22b, the pattern 

noise is reduced because of the differential focus servo. The pattern noise still exists in 

fl and f2' 
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Figure 4-22. FES and TES when the disk is tilted by about one degree, (a) focus 

servo locked on channell, e" (b) locked on differential channel: e. 
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In a dynamic servo environment, the crosstalk is much more complicated than the 

static case. The servo response is a strong function of the error signal frequency. The 

non-dynamic crosstalk pattern shown in Figure 4-17 is not found in such an environment. 

Instead, the pattern becomes irregular. A closed loop servo system can't tell the 

difference between real and false FES. It responds to whatever is derived by the 

electronics. The crosstalk itself should be significantly reduced in the design procedure 

so that a better servo system can be built. We found experimentally that the servo loop 

is much more stable if it is locked onto the differential FES than if it is locked on the 

single-channel FES. This is because the tracking crosstalk is reduced in the differential 

FES. Another reason is that many other common pattern noises are rejected in the 

differential FES. 

Summary 

In this chapter, we presented experimental results of the differential wax-wane 

focus servo technique. The design and alignment issues of the optical head were 

discussed. Wavefront measurements showed that there is fifth-order spherical in the 

objective lens and disk assembly, and astigmatism in the PPBS. The measured wavefront 

represented by Zernike polynomials was implemented in the diffraction model. This 

enabled us to explain experimental results using the diffraction model. The calculated 

results agree very well with the diffraction modeling results on beam profile, gain, 

crosstalk amplitUde, etc. Crosstalk and pattern noise due to a tilted disk were also 

discussed. Our experiment showed that the differential focus servo provides a much 

more stable control loop than the single-channel FES. 
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Conventional optical recording devices use only one source to write and read data. 

The data rate is limited to around 1 or 2 Mbyte/s. Multi-beam optical recording is one 

of the technologies that can increase the data rate. It uses an array of N sources to 

perform writing and reading simultaneously with the same optical head. The data rate 

is increased to N times the single-channel data rate. 

The ideal source for a multi-beam optical head is a linear (I-D) diode laser array 

(Carlin et al., 1984). Because a high-power diode laser array is not available 

commercially at low price, alternative sources are used, such as bringing several lasers 

together by beam splitters (Watabe et ai, 1991) or fiber arrays. Earlier works used 

gratings to split a single laser beam into multi-beams (Ammon and Reno, 1981). The 

total number of channels is limited by source spacing and objective lens field of view 

(Marchant, 1990). The source spacing is usually 50 J.tm to 100 J.tm, and a good objective 

lens has a field of view of approximately 1°. IfN equally spaced lasers in a linear array 

can fit in the field, about NZ/2 beams can fit in the field by using a two dimensional (2-

D) array with the same source spacing. One such source being developed is the 2-D 

surface emitting diode laser array (Jga et al., 1988). At the time of this writing, reliable 

2-D diode laser arrays have a CW output power of only a few mW per channel, and they 

are not suitable for writing. However, they are capable of reading information from the 

disk. 

There are many engineering challenges in developing a multi-beam optical 
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single laser I-D laser array 2-D laser array 

point line plane 

Figure 5-1. Control a point, a line, and a plane. 

recording system. One is the design of an objective lens with large field of view and 

light weight. Another related problem is servo control of all beams focused on the disk. 

The conventional optical drive has only one beam, so the focus and tracking servos need 

control only a single beam at a point, as illustrated in Figure 5-1. For a one-dimensional 

array, the servo needs to control a line. If a two-dimensional laser array is used, a plane 

of beam spots must be controlled. For a multi-beam optical head, the servo has to 

position N or ~ beams in focus and on the correct tracks simultaneously. The 

requirement for servo control is much more severe in a multi-beam optical head than in 

a single optical head. 

In this chapter, we will first present the optical design of a multi-beam optical 

head and analyze the system using a combined ray trace and diffraction propagation 

model (Treptau et ai, 1991). Then the results are used to analyze the FES when a wax

wane focus servo technique is used. Tracking schemes that are unique in multi-beam 
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optical heads are also discussed. Since multi-beam recording is a topic in itself, we only 

present preliminary observations that can be further developed by other researchers. 

Multi-channel Optical Head Design 

We have designed a multi-beam optical head to study servo properties of a multi

beam optical head. The head is designed for studying focus and tracking characteristics 

in a dynamic environment. Data detection is not implemented, though it can be added 

in the future. Various servo techniques can be used, but only the wax-wane technique 

is studied in this chapter. 

The layout of the multi-beam optical head is shown in Figure 5-2. A linear fiber 

array is used as the multi-beam source. The individual fibers are bound next to each 

other and polished at the output end. The fiber cladding diameter is 80 ",m with a mode 

diameter of 4.1 ",m at 830 nm and an NA of 0.084. The source module is a separate 

assembly and it is connected to the head via fibers. A 100 mW laser diode operating at 

830nm is used. After collimation, the beam is split by a 50:50 beam splitter. Then, 

each beam is coupled into a fiber by a GRIN lens. One beam is coupled into the on-axis 

fiber, fiber A. The other is interchangeable with other fibers so that different spacings 

can be explored. If there are enough laser diodes or beam splitters, all channels can be 

operating at the same time. The fiber array is mounted on an XY(J stage. Rotation is 

needed to accurately align the beam on track, while xy is used to position the on-axis 

beam back to the optical axis after each rotation. 

All laser beams coming out of the fiber array are collimated by a collimating lens. 

A stop is placed in the front focal plane of the collimating lens. This ensures that the 

chief ray of an off-axis beam goes through the center of the stop, and the system is 
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Figure 5-2. Optical layout of a multi-beam optical head. 
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telecentric in the source space. A combination of a polarizing beam splitter and a 

quarter-wave plate is used to keep the light reflected off the disk from coupling back into 

the fiber array. A relay lens is used to relay the pupil to the front focal plane of the 

objective lens. The relay lens is composed of two identical doublets optimized for a 

single wavelength. All laser beams are focused onto the disk by an objective lens. The 

optical system is designed to be telecentric in the plane of the disk to keep constant 

magnification in case of defocus. As shown in Figure 5-3a and 5-3b, the chief ray of 

an off-axis beam is reflected back from the disk through the same path even if a small 

defocus is present. If the pupil is at the objective lens, as shown in Figure 5-3c, the 

system can still function, though without the benefit of telecentricity. However, in a 

non-telecentric configuration shown in Figure 5-3d, the off-axis beam is severely 

vignetted because the pupil is too far away from the objective lens. This is an 

unacceptable design of the optical system. 

Beams reflected off the disk go through the objective, relay lens and quarter 

wave-plate. Then they are deflected by the PBS to the detection path. A doublet is used 

as a detector lens to focus laser beams onto detectors. The relayed pupil is at the front 

focal plane of this detector lens. A beam splitter separates the beam into two paths. A 

pinhole is used to block the off-axis beam at the focal plane of the dete.ctor lens while 

collecting the on-axis beam. Quad detector A is placed behind the focal plane of the 

detector lens. This detector is used to detect the FES of the center beam and is fixed, 

once aligned. A knife edge is used to block the on-axis beam on the other path and 

allow the off-axis beam to pass through. The off-axis beam illuminates detector B. 

Detector B sits on an XYO stage with sufficient travel range to allow detection of large 

separations between the two sources. A wax-wane focus servo is used to detect the focus 
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Figure 5-3. Possible entrance pupil locations. (a) at the front focal plane of the 
object.ive lens, telecentric (b) same as (a), with small defocus, (c) at the 
objective lens, (d) too far from objective lens, severe vignetting. 

error signal for both on-axis and off-axis beams. 

The system is designed in the CODE V lens design program. The head covers 

a half field of about 100 I'm on the disk. The objective lens is the limiting component 

in this optical system with a half field of about 1.5°. The best way to fully use the 

system is to put as many beams as possible within the field with a two-dimensional array. 

In our design, a 2-D fiber array is assumed. The system has a magnification of 6. 

Thus, a 13 by 13 fiber array is imaged onto the disk with a half field of 80*2"" I'm 

diagonally. The locations of focused beams on the edge of the array are shown in Figure 

5-4. Beam A is the center beam. Beams B, D, F, H are on the side with a distance of 

80 I'm from beam A. Beams C, E, G, I are at the comer of the 2-D array with a 

distance of 80*2'h I'm from beam A. 
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Figure 5-4. Location of focused beams on the disk. 

The most difficult design is the high NA objective lens. In our setup, the fiber 

NA is relatively small, thus the design of the collimating lens is much simpler. We first 

looked at a system optimized for a single on-axis beam. This design is referred as the 

"original system." All components are chosen from commercially available off-the-shelf 

items to keep the cost down, except the objective lens. The collimator is a doublet 

designed for collimating 830 nm diode lasers. The relay lenses are a pair of identical 

triplets that are optimized for 830 nm. The two lenses are arranged such that the same 

sides are facing each other. This configuration gives less aberration than if different 

sides are facing each other. The objective lens is a typical bi-aspheric lens designed for 

an on-axis system. The entire system is fixed under the restriction that the system is 
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Figure 5-5. RMS wavefront error versus defocus for three typical beams. The 

optical system is designed for on-axis operation. 

telecentric. An rms wavefront error versus defocus plot is shown in Figure 5-5 for this 

design. For beam A, the aberration is very small at a defocus of 1.3 J.'m. However, 

there is no defocus position that has less than 0.1 A of rms wavefront error for all three 

beams. Since this system is designed for on-axis operation, it has a very limited field. 

It cannot be used for a multi-beam system. 

We start the second design from the original system. The relay lens remains 

unchanged. A triplet is used as collimator. The objective lens is still a bi-aspheric lens 

with the same NA. All objective and collimator parameters are set as variables. A much 

better design is achieved. This system has a larger field than the original system. At 
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Table 5-1. Optical parameters of the multibeam optical head (CODE V reference 

manual, 1991). 

OBJ: 
1: 
2: 
3: 
4: 

STO: 
6: 
7: 
8: 
9: 

10: 
11: 
12: 
13: 
14: 
15: 
16: 
17: 
18: 

ASP: 
IC : 
A 

19: 
ASP: 
IC : 
A 

20: 
IMG: 

ROY 
INFINITY 
12.61544 

5.42667 
54.92094 

-164.19804 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
INFINITY 
25.58640 

-17.13750 
-69.12100 

INFINITY 
69.12100 
17.13750 

-25.58640 
INFINITY 
2.79777 

K 

THI 
25.362163 

0.315941 
1. 686868 
2.200000 

23.206117 
10.000000 
20.000000 
10.000000 

1.000000 
19.273180 

3.500000 
2.000000 

37.264983 
37.673408 
2.000000 
3.500000 

25.202651 
4.184500 
2.200000 
0.000000 

RMD GLA 

SF5 SCHOTT 
SK11 SCHOTT 
SF5 SCHOTT 

BK7 SCHOTT 

'crystal' 

SK11 SCHOTT 
SF5 SCHOTT 

SF5 SCHOTT 
SK11 SCHOTT 

SK16 SCHOTT 

YES CUF: 0.000000 
-.229252E-02 

-31.19003 
K 

YES CUF: 
0.384912E-02 

INFINITY 
INFINITY 

B: -.157163E-03 C: 
2.250579 
0.000000 
0.000000 

B: 0.838960E-03 C: 
1. 200000 
0.000000 

'pc' 

0.258264E-04 

0.753829E-04 

Ref: CODE V reference manual. 

the best focus position, the rms wavefront error is less than 0.06 A for the entire field, 

as shown in Figure 5-6. This is close to diffraction-limited performance according to 
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Figure 5-6. Rl.1S wavefront error versus defocus for the new system, which is 

designed with a field of approximately 100 j.tm. 

Marechal's criterion (Born and Wolf, 1980). This design is referred as "new system." 

Detailed optical design parameters are listed in Table 5-1. 

The amount of aberration remaining in the new system is still large. The main 

problem is the field curvature that is inherent in an optical system with high NA. It is 

very difficult to focus all the beams onto a flat surface since a high NA lens tends to 

focus light from different field angles onto a curved surface. This is similar to designing 

a photographic lens (Kingslake 1978). The field curvature can be reduced by using a 

multi-element objective lens. Some elements have to be negative lenses to balance the 

field curvature. The correction is limited due to the cover plate, which makes it more 
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difficult to design an aplanatic objective. It is not the goal of this work to pursue a more 

detailed optical design, so we analyze the new system as it is to illustrate the effect of 

using a multi-beam optical system. We concentrate on using this system to study focus 

servos in the multi-beam optical system. 

Modeling and Aberration Analysis 

After optimization of the system in CODE V, the final system is taken into a PC 

model that combines ray trace and diffraction propagation. The wavefront at the 

entrance and exit pupil is first calculated. Then, a physical propagation model takes over 

to derive E-field amplitude and irradiance distributions at the disk. This model is also 

capable of decenter and tilt analysis (Treptau et ai, 1991). In this section, we first 

present the contour plot of the focused beams on the disk. Then the effect of tilt is 

analyzed. The new system is used through out this analysis. 

Table 5-2. Third-order aberration at the best focus. 

Beam W020 W222 WI31 W(}to Wrml 

A -0.163 0.000 0.000 -0.027 0.052 

B -0.021 -0.009 -0.012 -0.027 0.034 

C 0.118 -0.038 0.073 -0.027 0.058 

The contour plots at 50% and 5% of the peak intensity are shown in Figure 5-7. 

Eight typical beams on the edge of the array and the center beam are shown. Their 

positions are described in Figure 5-4. The plots are shown at the best focus position of 



@ 
c 

@ 

@ 

1 11m 
H 

@ 
1-80 J.1m-l 

no disk tilt 

162 

Figure 5-7. Contour plots of focused beams at the disk, at 50% and 5% of the peak 

intensity. 
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the entire array, which is chosen from Figure 5-6. The amplitudes of third-order 

aberrations are listed in Table 5-2 for beams A, B, and C. Beam A is circular and 

symmetric around the center. Besides a small amount of spherical aberration, it has only 

defocus that is used to balance the field curvature. The 50% contour is still small, but 

the 5 % contour stretches out because of defocus. Beam B is an off-axis beam. It has 

a small amount of coma and astigmatism. As a result, the spot is elongated and leans 

toward the center. Beam C has coma and astigmatism. The defocus has opposite sign 

relative to that of beam A because of the field curvature. The 5 % contour is smaller 

than that of beam A, but the 50% contour is actually larger and elliptical. All three 

beams have the same amount of third-order spherical since spherical doesn't depend on 

field. Though not listed in the table, high-order spherical also exists in the system 

because of the high NA objective lens. Other beams have the same performance as 

either beam B or beam C because of symmetry. 

In a one-beam optical head, the effect caused by disk tilt can be compensated by 

the focus servo automatically. In a multi-beam optical head, the effect is more 

complicated. When the disk it tilted, in addition to change of focus for different beams, 

aberrations also arise (Smith 1990). For the small tilt angles that interested us, the 

dominating aberration is coma: 

(5-1) 

where t is the thickness of the cover plate, U = arcsin(NA), NA is the numerical aperture 

of the objective lens, U is the tilt angle, and n is the refractive index of the cover plate. 

We study the effect of tilt by adding a small tilt of 0.50 in the y direction. There are 
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Figure 5-8. RMS versus defocus plot for the new system with 0.50 of disk tilt. 
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about 0.35 A of coma in all beams. As a result, the rms wavefront error increases for 

all beams, as shown in Figure 5-8. For the center beam, beam A, even at its own best 

focus, the rms error is larger than 0.04 A. The symmetry no longer holds. The rms 

versus defocus curves split. Only beams C and I, D and H, E and G have the same 

amount of aberration. The contour plots are shown in Figure 5-9. A side lobe that is 

generated by coma shows up in most of the beams. The aberrations caused by disk tilt, 

mainly coma, are added to the original aberration. The side lobes of the side beams (C 

to E, and G to H) are not along the y direction. The beam sizes becomes larger and 

more asymmetrical. 

Aberrations caused by disk tilt exist even if a much better objective lens is used. 
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For a single beam, certain aberrations can be balanced by defocus and wavefront tilt. 

However, for multiple beams, balancing one beam with defocus means creating defocus 

for another beam. The objective must be designed with less aberration to start with. 

The effect of tilt can be reduced by using a thinner substrate so that aberration created 

by tilt is reduced. It is also much easier to design the objective lens when a thinner 

substrate is used. However, thinner substrates are much more easily affected by disk 

vibrational modes at high rotational speeds (Talke and Bogy, 1987). A better spindle 

motor and more rigid disk should be used to reduce the vibrational modes. 

Focus Servo and Disk Tracking Format 

The focus error signal of a multi-beam system is usually detected by one beam 

in the array. If this beam is focused at its best focus position, other beams are usually 

defocused. The focus position of this single beam can't determine the focus position of 

the other beams. The data signals in other channels could be reduced by several dB. 

However, the signal of all channels can be equalized by introducing focus offset 

(Nishimura and Murata, 1989). This is equivalent to finding the best focus for all 

beams. 

Off-axis beams in our system exhibit third-order disk aberrations, as shown in 

Table 5-2. We can refer to Figure 3-20 and 3-22 to discuss the effect of aberration on 

the FES using the wax-wane technique. The quantitative results are different since the 

detector configurations are different, but the qualitative results can be applied here. At 

the best focus, beam A mainly has defocus. If we use beam A to derive the FES, this 

defocus corresponds to the amount of focus offset needed to move the whole array to the 

best foclls. All beams in the array have spherical aberration. As shown in Chapter 3, 
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the effect of disk spherical aberration is focus offset, which can be adjusted while looking 

for best focus. There are also astigmatism and coma in off-axis beams. Astigmatism in 

the y direction causes focus offset. The direction and amplitude of the aberrations are 

different, so the focus offsets are also different. For example, beams C and G, as shown 

in Figure 5-9, have the same amount of aberration, but the orientation of the aberration 

is opposite. Thus, optimum focus offset in one beam is just the opposite of the other. 

Between beams Band C, both direction and amplitude are different. Especially 

interesting is beam C, which has aberration components along both x and y directions. 

Coma does not cause focus offset since it is canceled upon reflection, but coma does 

cause a small tracking offset if it is in the x direction. 

When a disk tilt is present in the system, we mainly have to worry about coma. 

Other aberrations are almost the same as that without tilt. However, coma is canceled 

because of the double pass configuration. There is very little effect on the FES, as we 

have shown in Chapter 3. One difference is that the disk tilt actually changes the 

direction of the chief ray. Since our detector is located beyond the focal plane of the 

detector lens, the chief ray of beam A at the detector is shifted by 

(5-2) 

where III is the distance between the detector and the focal plane of the detector lens, h 

is the focal length of the detector lens, (J is the disk tilt angle in radian, andlo is the focal 

length of the objective lens. This is the same as offsetting the detector by the same 

amount. A focus offset is created if the disk tilt is in the y direction and a tracking offset 

is created if the disk tilt is in the x direction. This effect can be reduced if a differential 
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wax-wane technique is used, as illustrated in Figure 2-17. In order to use the differential 

wax-wane technique in a multi-beam system, the detector inside of the detector lens's 

focal plane has to be small and close to the focal plane to avoid overlapping other beams. 

There are many new problems in the tracking servo as well. One is how to 

position all beams on grooved tracks. As shown in Figure 5-lOa, the array has to be 

slanted in order to place adjacent beams on adjacent tracks. First, let's only consider a 

three-beam linear array. When the center beam is positioned right on track, the other 

two can be on track at the same time if the curvature of the track is negligible. The tilt 

angle between the track and the linear array has to be 

e - arcs~ ~) (5-3) 

where p is the track spacing, and s is the beam spacing between adjacent beams in the 

array. This angle can change because of the eccentricity of the disk with respect to the 

center of rotation. An image rotation servo can be used to correct this (Katayama et al., 

1989). 

For a two dimensional array, the spacing requirement is more stringent. There 

are several possible beam positioning schemes. Figure 5-10a shows one scheme that has 

all nine beams on adjacent tracks. The tracks can be made multi-spiral so that no track 

jump is required. Otherwise, for a single-spiral disk, an eight-track jump has to be 

employed after each rotation. Let's assume that the curvature of the tracking groove is 

negligible, so the track spacing and beam spacing has to satisfy the following equation 

for an n by n array 

s-pvn2 +1 (5-4) 
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Figure 5-10. Possible disk formats and positions of focused laser beams for optical 

recording using two-dimensional array as the source. 
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For 3 by 3 array, and a track spacing of 1.6 I'm, s has to be 5.06 I'm. For a 5 by 5 

array with the same tracking spacing, s has to be 8.16 I'm. The optical system has to 

be designed to give the correct magnification for the specific source spacing. 

For larger beam spacing, a different positioning strategy has to be used. One 

scheme is to use a single spiral disk and position the beams such that there is one empty 

track in between two adjacent occupied tracks. A double track jump is executed at the 

end of the first rotation and a 14-track jump is performed after two rotations. Another 

scheme is shown in Figure 5-lOb. The 2-D array is divided into three groups of linear 

arrays. Adjacent groups are separated by six tracks. The same track jump sequence as 

the one mentioned above must be used. Equation 5-4 is still valid, but n becomes the 

number of tracks between adjacent groups. An alternative scheme is to use a special disk 

as shown in Figure 5-lOc. The track spacing is three times the normal track spacing. 

The tracking groove serves as a guiding tracle. Only the center beam is used to derive 

tracking error signal. The middle beams in the side groups can be used to derive other 

error signals, such as an image rotation error signal. For a spiral disk, only a five track 

jump is needed after the second rotation. This scheme has the advantage of not having 

all beams near grooves, which increase noise during readout. It can be seen in Figure 

5-10b that certain beams in the corner can't be positioned to the center of a track because 

of the curved tracking structure. 

Summary 

A multi-beam optical head design is presented in this chapter. The optical system 

is designed to be doubly telecentric. The collimating/objective lens pair is optimized to 

increase the field of view. By using a two-dimensional array, the total channels available 
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can increase with the same optics. A combination of a ray trace and a diffraction 

propagation model is used to analyze the focused beam on the disk. Disk tilt is modeled 

and the results show that even 0.50 of disk tilt can have severe effects on the focused 

beams. The focus servo response is reviewed. If the FES is derived from a single 

beam, a focus offset has to be added to find the best focus position. Possible disk 

formats for multi-beam systems and tracking schemes are also discussed. 
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CHAPTER SIX 

CONCLUSION AND FUTURE WORK 

The performance of an optical drive is linked directly to the performance of its 

servo system. It is important to model the optical system and test it against experimental 

results. In this dissertation, we have thoroughly studied a new focus error detection 

technique, i.e., differential wax-wane focus servo, for use in optical recording systems. 

A scalar diffraction model is used to predict its performance. An optical head using this 

technique for focus servo control is employed to verify the modeling predictions 

experimentally. 

Summary and Conclusions 

The effect of aberration depends on where the aberration is introduced and what 

kind of aberration it is. Focus offset in the differential channel is the same as in a single 

channel. Crosstalk, change of gain, and nonlinearity are improved in the differential 

channel. W222( l.) and Wl3I ( l.) generate no focus offset and don't change the gain or 

linearity, but they change the amplitude and phase of track crosstalk significantly. 

W13\( /I) has minimal effect on any parameter if it is disk aberration, but changes focus 

offset, gain, and crosstalk amplitude if it is a source or detection-optics aberration. The 

most significant effect of W222( ") and W 040 is the focus offset. 

The differential wax-wane technique has several advantages over a single wax

wane focus servo method. The gain is two times higher, the lock-on-range is better 

defined, and the linearity is ten times better in terms of RMS deviation. It is also 

insensitive to track rotation and disk tilt. The differential focus servo can cancel pattern 
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noises, such as tracking crosstalk and sector-mark crosstalk. In the direction parallel to 

the tracks, the detector is very sensitive to misalignment. The displacement necessary for 

a 0.25 ~m focus error increases from 1.3 ~m to 4.0 ~m as Ol increases from 2.0 to 10. 

Detector displacement tolerance in the direction of light propagation is very loose. 

Table 6-1. Comparison of a few focus servo techniques. 

Technique gain 1.0.r. c.a. sensitivity to aberrations 
(~m-l) (~m) (~m) 

focus offset crosstalk 

single wax- 0.144 13 0.6 W222("): O.4~m W222( 1.): 
wane (0l=5) 1.2~m, 

WOlD: 0.24Jtm others: 0.6Jtm 

diff. wax- 0.288 30 0.04 same as above < 0.3Jtm for 
wane (0l=5) all abo can be 

eliminated 

pupil obs. 0.5 9 0.24 small, less than W222@45O: 
(Bernacki 0.1 Jtm 0.6Jtm 
1992) other: 0.3 ~m 

double ast. 0.18 10.5 0.27 small, less than W222 @45° 
(Bernacki 0.1 Jtm is reduced to 
1992) < 0.27~m 

astigmatic 0.61 5 0.24 small W222: large 
(Cohen 
1987) 

Abbreviations: obs.: obscuratIon ast. : 
1.0.r.: lock-on-range NA: not available ab.: 
c.a.: crosstalk amplitude (no aberration) 

astigmatic 
aberration 

A comparison of the differential wax-wane focus servo technique with other 

techniques is also given. Table 6-1 lists a few parameters of the wax-wane technique and 

a few other techniques. The single and differential wax-wane results are shown here. 
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Configurations vary from system to system. The parameters, such as lens focal lengths, 

depend on the exact system setup. This comparison is only intended to paint a picture 

of how each technique performs in a particular configuration, rather to conclude which 

one is better. 

The gain and lock-on range depend largely on the system design. In general, the 

pupil obscuration technique has large gain and small lock-on range. In the astigmatic 

technique, a large gain can be achieved, but at the same time, the lock-on range is often 

reduced. The differential wax-wane technique, on the other hand, has both a large gain 

and large lock-on range. 

One important parameter of servo systems is pattern noise, or crosstalk (Prikryl, 

1989 and Marshall, 1991). For crosstalk without aberrations, the single wax-wane 

technique gives the largest crosstalk amplitude. The pupil obscuration technique, 

astigmatic and double astigmatic technique have about the same crosstalk amplitude of 

0.25I-'m. Only the differential wax-wane technique has a crosstalk much less than 

0.1 I-'m, and this crosstalk can be eliminated completely. This is a clear advantage of 

the differential wax-wane technique. 

When aberrations are present, focus offset increases and the crosstalk amplitude 

usually increases. The results shown are with 'A/4 of each aberration. The pupil 

obscuration technique and astigmatic techniques produce less focus offset when 

aberrations are present. The disadvantage of the differential wax-wane technique is the 

large focus offset due to aberration. However, this offset can be canceled electronically. 

The aberrations that the wax-wane technique is especially sensitive to are spherical and 

astigmatism. These aberrations don't change significantly when the disk is spinning. 

The effect can be minimized by adding a constant focus offset. The crosstalk amplitude 
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varies significantly, depending on the servo technique and aberration. Astigmatism 

creates the largest crosstalk. It also depends on the direction of the astigmatism with 

respect to the tracking groove. Single wax-wane has larger crosstalk amplitude, but 

individual detectors can be well balanced in the differential wax-wane technique. By 

proper detector rotation and electronic gain adjustments, the crosstalk can be completely 

eliminated in the differential wax-wane technique, as shown in the last section. The 

pupil obscuration technique generates large crosstalk when Wm at 45° is present. It is 

less sensitive to other aberrations. The astigmatic technique is very sensitive to W222 at 

45°. However, the crosstalk can be reduced to the level without Wm using the double 

astigmatic technique. 

The optical system using the differential wax-wane technique is simple, consisting 

of only a lens, a beam splitter, and two detectors. Both servo and data signals can be 

derived from the same setup, which reduces the cost significantly. The major advantage 

is that it can completely eliminate crosstalk, even when aberrations are present. 

The experimental results of the differential wax-wane focus error detection 

technique are presented. The design and alignment issues of the optical head are 

discussed. The wavefront measurements using a phase shifting interferometer are 

presented in detail. The results show that there is fifth-order spherical in the objective 

lens and disk assembly, and astigmatism in the PPBS. The measured wavefront 

represented by Zernike polynomials is implemented in the diffraction model. This 

aberration generates a focus offset that is a strong function of Ol. The change of gain is 

about 30% in the single detectors and is reduced to about 6% in the differential channel. 

There is about 0.7 ",m of track crosstalk in a single channel, and the amplitude and phase 

are different between the two individual channels. Thus, crosstalk is not canceled in 
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differential channel. However, by proper detector rotation and electronic gain 

adjustment, the crosstalk can be reduced to less than 0.1 J.'m. The differential servo can 

reduce sector mark crosstalk by a factor of two. The calculated results agree very well 

with the diffraction modeling results on beam profile, gain, crosstalk amplitude, etc. Our 

experiment showed that the differential focus servo provides a much more stable control 

loop than the single channel FES. 

Preliminary studies of a multi-beam optical head design are presented. The 

optical system is designed to be doubly telecentric. The collimating/objective lens pair 

is optimized to increase the field of view. By using a two-dimensional array, the number 

of channels available can be increased with the same optics. A combination of a ray 

trace and a diffraction propagation model is used to analyze the focused beam on the 

disk. Disk tilt is modeled and the results show that even 0.50 of disk tilt can have a 

severe effect on the focused beams. The focus servo response is reviewed. If the FES 

is derived from a single beam, a focus offset has to be added to find the best focus 

position. Possible disk formats for a multi-beam system and tracking scheme are also 

discussed. 

Future Work 

There are many studies that could be done in the future to improve the optical 

recording system and focus servo techniques. One is to model the focus servo in a 

dynamic environment. This requires more understanding of the disk spinning 

mechanism, the changing aberration, and servo response. The differential wax-wane 

focus detection system could be simplified by combining the beam splitter and detector 

lens shown in Figure 4-1 into a binary lens, as shown in Figure 6-1. The reflected laser 
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binary lens 

--~-- ----------------~------------. 
data detection 
path 

.-....... - ----~--------------
detector 1 

detector 2 

Figure 6-1. Simplification of the differential wax-wane focus detection system using 

a diffractive lens. 

beam is split into two beams. At the detector plane, one beam is inside of the focal 

plane and the other beam is outside the focal plane. Individual focus error signals are 

generated by each detector and the differential FES is derived by subtracting the two 

individual FES's. This arrangement could greatly simplify the servo system and reduce 

the space the servo system occupies. 

Further modeling and experimental work on multi-beam systems should be 

continued. Especially, the effect of the spinning disk on focus servo signals should be 

studied thoroughly. Further studies include completing the multi-beam experiment using 

a fiber array. Before too long, two-dimensional laser arrays could have enough power 

so that they could be used in multi-beam optical recording devices. Focus servo studies 

could be done using lower-power arrays. The results can also be applied to an optical 
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tape drive, which needs a multi-beam optical head to provide a fast data rate. 

The differential wax-wane technique can also be applied to a blue-laser t.ester. 

As the data density gets higher, optical drives using blue sources will be the next 

generation optical recording product (Kozlovsky et ai, 1992). New problems concerning 

the focus servo have to be solved. Focus and tracking servos are also important issues 

in newly-proposed optical heads, such as the integrated optical head (Ura et ai, 1986), 

flying optical head (Yasukawa et ai, 1989), etc. In three dimensional optical recording 

schemes, such as volume holographic (Li and Psaltis, 1992), two-photon recording 

(Hunter et ai, 1990), servo schemes should be addressed. 

Final Remarks 

When the punch card was used widely to instruct computers twenty years ago, it 

was hard to imagine the phrase "personal computer". Now, even a poor graduate student 

can afford a PC to write his dissertation at home. About ten years ago, a low density 

5112' floppy disk was considered a great device to store computer files. Now, one optical 

disk of the same size can store information that used to take 1000 such floppy disks. Just 

like magnetic recording, optical recording has its own position in the history of 

technology. It is not going to be the ultimate storage technology. As with human 

being's endless pursuit of knowledge, more advanced technologies will be developed in 

the future. 
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