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ABSTRAcr 

Computer simulations of the optical servo functions of optical disk 

drives are developed and compared with experimental results. The focus control 

servo is investigated first, with emphasis on the astigmatic focus detection method. 

A paraxial ray trace, enhanced to allow tolerance studies of tilted and decentered 

surfaces, is used to calculate the size and orientation of an astigmatic blur on a 

quadrant photodetector as a function of focus error. The resulting irradiance 

distribution is integrated over the detector elements and processed to yield typical 

focus servo signals. A method for simulating generalized astigmatic focus systems, 

independent of a particular design, is also shown. The simulation results are used to 

derive normalized tolerance curves for detector misalignment and spot motion. 

Alignment diagnostics based on the servo signals are also presented. A wavefront 

aberration model is also developed and used to investigate the focus servo's 

performance in the presence of common aberrations. 

Simulations based on diffraction theory are used to investigate the 

radial tracking servo. Both scalar and vector diffraction theories are considered. 

The scalar theory is found to be adequate in most cases, while offering a large 

advantage in computational efficiency. A model for computing the signals detected 

by scanning the microscopic features of the disk is developed using the optical cross 

transfer function that describes the imaging characteristics of partially coherent 

systems. This model is used to investigate push-pull and three beam tracking. 

Aberrations, data patterns, detector misalignment, and pregroove profile are all 

Xl 
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examined for their effects on the servo signals. Crosstalk between the focus and 

tracking error detection is also briefly considered, and a possible extension of the 

radial tracking selVO model to investigate this phenomenon is suggested. 



CHAPTER ONE 

INTRODUCTION 

This dissertation deals with the control system optics found in optical 

disk storage systems. Since its introduction in the early part of the last decade 

(Compaan and Kramer 1973; Bouwhuis and Burgstede 1973; Janssen and Day 

1973), optical disk technology has evolved from gas laser-based systems, intended 

primarily to read video signals, to the compact disc (CD) audio player and data 

storage systems for computers. The principle behind these systems is simple. A 

tightly focused laser beam is used to scan a spinning disk on which information is 

encoded in a pattern capable of modulating the reflected scanning beam. The 

modulation often directly takes the form of an intensity signal, although recently 

developed magneto-optical systems work by modulating the beam polarization. 

This polarization signal must be converted to an intensity signal using polarizing 

optics. The resulting photosignal is then decoded into the appropriate audio, video, 

or data signal. 

The attractiveness of optical disk technology is due to the small size of 

the focused beam, which allows the data marks to have submicron dimensions, 

approximately the same size as the Airy disk of the scanning system. The marks are 

arranged in tracks having a typical spacing of 1.67 urn, while being separated along 

the track by a similar distance. If one assumes an encoding density of one bit/mark, 

this gives a data density of over 4.2 MByte/cm2. Actual densities vary according to 

1 
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the data codes and error correction schemes used and are usually somewhat higher 
" 

than this. A 5-1/4 inch disk easily contains enough room for 350 MBytes of user 

, storage on one side of the platter. Mounting the scanning optics on a movable 

carriage makes it possible to move rapidly to any track on the spinning disk and 

allows random access of the stored information. The large distance from the 

scanning optics to the media surface eliminates the threat of head crashes common 

to magnetic disks and enhances data safety. 

Optical disk applications have been divided into three categories. Read

only systems include video disks, audio compact discs, and mass produced data in 

computer readable form. The data is encoded as bumps on metallic master disks 

which are used to st~mp the information into plastic disks for distribution. The 

disks are coated to enhance reflectivity. Any of a number of phase readout 

techniques are used to read the data encoded as a series of bumps or depressions. 

The original development for computer data storage focused on Write 

Once Read Many (WORM) systems where a higher powered write beam could be 

pulsed to ablate or otherwise disrupt a thin film active layer deposited on the disk 

surface. This process is generically referred to as ''burning'' a mark. The resulting 

mark is often a region having a different reflectance than the surrounding "land". In 

other media formulations, the mark formed is primarily a relief structure which 

must be read using phase detection (Braat 1985). Quite often the marks exhibit 

both phase and reflectance contrast. Once produced, these marks are permanent. 

For many systems this archival property is desirable. Data lifetimes are commonly 

given as ten or more years, as compared to magnetic media, which are generally 

considered to be reliable only for one or two years. 

Many computer applications require the ability to revise recorded data 

by erasing previous information. This has led to the development of erasable media 



3 

employing phase change phenomena (van Uijen 1985; Yamada, Takao, and 

Takenaga 1986; Ishigaki et al 1986), organic dyes (Sporer 1987), and most notably, 

magneto-optical materials (Deguchi et al 1984; Birecki et al 1985». The recording 

heads for these media are usually more complex than those designed for WORM 

systems, and the signal-to-noise ratio of the recorded data is often lower. For these 

reasons, development of erasable optical storage systems has lagged WORM 

technology by a few years, but recent announcements have indicated that erasable 

systems may soon be commonplace. (Gardner et al 1986) 

The high data rates and small mark sizes require the use of a laser 

source to achieve adequate signal-to-noise ratios in the read channel and to provide 

enough thermal energy to mark the media in writable systems. Diode lasers are 

usually used because of their compact size, low power consumption, and ability to 

be directly modulated at high frequencies. Generating a submicron scanning spot 

requires the use of high numerical aperture (NA) microscope objectives to focus 

the laser beam. Typical lenses range from 0.45 to 0.65 NA 

The high NA of the scanning objective implies a very limited depth of 

focus, often less than 1 urn, while the small scale of the scanning spot and recorded 

marks means that the beam must be centered on the data track to an even tighter 

tolerance. Unfortunately, the spinning disks often exhibit axial and radial runouts 

of many tens (or even hundreds) of microns. Vibrations and other disturbances may 

also disrupt the position of the scanning spot relative to the data. High speed 

actuators must be provided to allow the scanning optics to follow the disk 

disturbances, and control signals sensing the focus and tracking errors must be 

provided to control the actuators. The combination of actuators and control signals 

with associated electronics is referred to as a servo loop. 
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The performance of an optical disk drive is often limited by the 

performance of its servo systems which, in turn, is at least partly a function of the 

quality of the error signals provided for servo control. When designing an optical 

disk drive it is important to be able to predict the error signals that will be 

obtained. Tolerances must be established for alignment and media parameters 

such that the quality of the error signal remains within specified limits. This can 

only be accomplished by developing a physical model of the error detection process 

and testing it against experimental data. Although it is desirable that the model be 

simple enough to grasp intuitively, a well-designed computer simulation of the 

process can be helpful in working out the quantitative details. The availability of a 

proven model is also useful as a preliminary step in designing laboratory 

experiments because it allows one to conduct a "dry run" of a proposed series of 

tests under controlled conditions. Various test methods can be evaluated before 

investing the time and material expense needed to carry them out, and simulation 

results can be used to help interpret experimental data. 

Dissertation Contents 

This work will examine optically derived error signals used to control 

the focusing and tracking servos of an optical disk drive. We will examine the form 

the error signals take and the disturbing influences of misalignments, scanning 

beam aberrations, and the effects of media grooves and marks. The goal will be to 

characterize the sensitivity of the error signals to these disturbing influences and 

develop diagnostics for determining the presence and causes of defects in the error 

signals. Alignment methods for correcting some of these defects will be discussed. 

Although a major aspect of this work will be the development of computer 

simulations of the error signals, the conclusions will be supported by experimental 
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work performed by the author while he was employed as an optical disk engineer at 

Exxon Enterprises (Pasadena, CA) and Storage Technology Corporation 

(Louisville, CO) from 1980 to 1986. The simulations will be efficient enough to run 

quickly on desktop computers, yet complete enough to include the perturbing 

effects of aberrations, detector misalignments, and other departures from the 

designed ideal. Data storage applications will be used as examples, although the 

results are just as applicable to video and audio systems. 

After a brief introduction of mathematical conventions used in this 

work presented in Chapter 2, the treatment begins with a consideration of the focus 

servo in Chapter 3. Little can be accomplished without the basic assumption that 

the scanning spot is in focus. Alignment problems often first manifest themselves as 

abnormalities in the optical signals used to derive the focus error signal. An 

analysis of these abnormalities will be shown to be a useful diagnostic for aligning 

the optical head. The focus system also provides a good place to introduce the use 

of computer simulation, because many of the properties of this system are easily 

described by the paraxial approximation of geometrical optics. 

In this case we will examine the commonly used astigmatic beam 

method for deriving a focus error signal (Bricot, Lehureau, and Puech 1976). 

Gaussian beam propagation has previously been used to derive the elliptical 

distribution of light on the detector as a function of focus error (Cohen et al. 1984). 

The current work adds a paraxial ray trace to· determine the location of the beam 

centroid on the quadrant detector surface. A modification of the paraxial trace to 

account for tilted and decentered elements as well as skew rays will allow us to 

explore how alignment tolerances contribute to misalignment between the beam 

and detector. Computer simulation results will establish tolerances for these 
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misalignment conditions and make it easy to diagnose them, while a paraxial 

analysis of the optics will offer simple corrections for eliminating them. 

The active (data-bearing) surface of an optical disk is usually protected 

by a transparent layer through which the scanning beam must pass. Dust particles 

settling on the disk surface will thus be out of focus and will not obscure the 

microscopic data marks. The high numerical aperture of the scanning beam makes 

it especially vulnerable to aberrations introduced by variations in the thickness and 

tilt of this layer. The role of these aberrations has been explored by Marchant 

(1983), who examined them in the context of a knife-edge focus detection system. 

Since all disk drives will experience a certain amount of these aberrations, it is 

important to know how the focus servo will respond in their presence. Chapter 4 

will address this issue for astigmatic focus servos and will determine whether the 

servo seeks the best focus position to compensate for aberrations that can be 

reduced by refocusing. 

Other aspects of the servo optics cannot be adequately described by 

geometrical optics. A theory that takes into account the diffraction properties of 

the system must be employed. For example, the operation of the push-pull tracking 

method used by the radial tracking servo is based on the diffractive properties of 

the optical disk system (Bricot et al 1976; Braat and Bouwhuis 1978). The 

disruption of the focus error signal when the scanning beam crosses tracks can also 

be described only by diffraction optics. Chapter 5 provides the bas~s for the analyses 

described above by drawing on the theory developed for scanning optical 

microscopes (Hopkins 1953, 1979; Sheppard and Choudhury 1977). This chapter 

also examines the limitations of scalar theory and briefly considers situations where 

a more complete vector theory of diffraction is indicated. 
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The scalar diffraction theory obtained in Chapter 5 is used to develop a 

radial tracking simulation in Chapter 6 which is capable of modelling both push

pull and three beam tracking (Bowhuis and Burgstede 1973). The numerical 

simulation presented here is a particularly efficient implementation of the 

diffraction theory introduced earlier. The discussion concentrates on push-pull 

tracking where tolerances for alignment, scanning beam aberrations, and media 

parameters are considered. We also consider the effect of recorded data patterns 

and pregroove profiles on the radial error signal. Experimental results supporting 

these results are also presented. 

Discussion has appeared in the literature concerning the interaction 

between the focusing and tracking servos (Ito et al. 1985; Yamamoto, Watabe, and 

Ulkita 1986). The worst problem reported is the appearance of uncorrected 

tracking errors as offsets in the focus error signal. This is sometimes referred to as a 

focus/tracking crosstalk. Chapter 6 ends with a brief discussion of some of the 

causes of this phenomena and indicates how the tracking servo model can be 

modified for further investigation. 



CHAPTBRTWO 

SPECIAL FUNCTIONS AND MATHEMATICAL CONVENTIONS 

The purpose of this chapter is to elucidate the mathematical notation 

and functions that will be presented in the theoretical development of this work. 

Special Functions 

The special functions presented here either have no commonly accepted 

standard definition or are peculiar to this work. They are presented here to avoid 

ambiguity. 

atan2 

The arctangent function is often used to convert from Cartesian to polar 

coordinates. However, the limited range of this function (-11"/2 to 11"/2) creates 

problems when a full angular range of -11" to 11" is desired. The AT AN2 function 

(borrowed from FORTRAN) solves this problem by using the signs of its 

arguments to determine the correct quadrant in which to place the resulting angle. 

tan-l (xl /"2) + 11" 

ATAN2(xl~) = tan-l (xl /"2) 

tan-1(xl /"2) - 11" 

8 

,"2 < 0, Xl > 0 

,"2>0 

,"2 < 0, Xl < 0 

(2.1) 



9' 

cyl 

The cylinder function is often used to describe a circular aperture. Its 

values are given by: 

1 ,r < 1/2 

cyl(r) = 1/2 ,r = 1/2 (2.2) 

o ,r > 1/2 

, function 

The autocorrelation of the cylinder function is of interest when 

calculating transfer functions for diffraction-limited optical systems. For lack of a 

more standard notation, this function will be designated by the lower-case gamma 

and is defined as follows (Fig. 2.1): 

1 
,(r) = -- J J CYI[(x2+y2)1/2]'cyl{[(x_r)2+y2]1/2} dx dy 

1r 

which can be evaluated as 

2 
,(r) = -- [cos·1(, r /) - 'r "(1_rZ)1/2] , Irl < 1 (2.3) 

1r 

o , Irl > 1 

" function 

A cumulative integral of the cylinder function will prove useful in 

deriving transfer functions for semi-circular apertures in Chapter 6. This function 

will be designated by the lower-case kappa and is defined as follows (Fig. 2.2): 

1 00 

,,(z) = -- J cyl«x2+y2)1/2) dx dy 
1r Z 
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Fig. 2.2 Kappa function. 



which can be evaluated using the cylinder autocorrelation 

erf 

~(z) = 1 (2z)/2 

1-1(2z)/2 

12 

,z> 0 (2.4) 

,z < 0 

The standard error function is the cumulative integral of the Gaussian 

distribution and is welllmown from statistical analysis. For the record, its definition 

is 

2 
erf(x) = 

'/fl/2 

x 

f exp( _t2) dt 
o 

(2.5) 

Because this function will be used extensively in this work, it is desirable to find a 

computationally efficient method for evaluating it. The following rational 

approximation (Abramowitz and Stegun 1967) is useful in this respect 

erf(x) ~ 1- (alt + azt2 + ~t3).exp(-x2) , 0 5.X < 00 (2.6) 

1 
where t = --------

1 + px 

P = 0.47047 

al = 0.34802 az = -0.0958798 ~ = 0.7478556 

Negative arguments are handled by exploiting the odd symmetry of the error 

function: 

erf(-x) = -erf(x) 

The error of this approximation is less than 2.5 X 10-5 over the real number range 

of arguments. 

comb 

A sampling of a continuous function can be obtained by convolving it 



13 

with a comb function defined in the following way 

00 

comb(x) = E 6(xmn) (2.7) 
n=-oo 

where 6(X) is the Dirac delta function. 

Wavefront Aberration Polynomial 

This work will include references to the primary wavefront aberrations 

in Chapters 4 and 6. It is convenient to describe these aberrations as terms of an 

aberration polynomial. This polynomial describes the deviation of a wavefront 

from a reference surface (usually spherical or planar) representing a perfect 

wavefront. A positive aberration value means that the distance from the reference 

surface to the wavefront is positive. The coordinates used in the polynomial will 

always be normalized to a circle of unit radius representing the wavefront aperture, 

and the individual aberration coefficients will always be in units of waves. The 

wavefront aberration polynomial and the names associated with each term are 

given by 

W(r,o) = Wllrcos(O-cfotilt) + Wwf1' + W4<f4 
(tilt) (defocus) (spherical aberration) 

(2.8) 
+ w31r3cos(O-cfocoma) + W22f2cos2(O-cfoast) 

(coma) (astigmatism) 

The angles cfotilt, cfocoma' and cfoast allow the aberrations associated with them to be 

rotated individually. An angular value of zero is taken to be along the x-axis, with 

positive values rotating counterclockwise from there. 

Other Conventions 

The direction of light propagation will follow custom and be in the 

positive z direction. This means that points in the negative z direction of a 
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reference point will be said to be in front of the reference point, and those in the 

positive z direction will be behind it. From the sign convention established by the 

wavefront aberration polynomial, it follows that a positive defocus causes a 

converging wavefront to focus in front of the paraxial focus (Fig. 2.3). The same 

convention will imply that a positive focus error means that an optical disk is 

behind the focus of the scanning beam. 

We also adopt the convention that, at any given moment in time, the 

phase of the optical field increases in the direction of propagation. This means that 

for the positive wavefront aberration shown in Fig. 2.3, if we take the on-axis phase 

on the reference surface to be zero, then the phase at all other points on the 

reference surface is negative. 

Occasionally, we will refer to vector quantities. Symbols representing 

these quantities will be set apart from scalar quantities by being printed in bold 

face. We will also make use of Fourier transforms. Whenever possible, two 

functions related by a Fourier transform will be represented with the same letter, 

with the lower case letter representing the function and the upper case letter 

representing the transform of the function. 



;: 
0<0 ~ 

~ 
II 

15 

wavefront 
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Fig. 2.3 Sign conventions for aberration polynomial and focus error. The figure shows a 
defocus as a positive wavefront aberration relative to a reference sphere centered 
on the disk surface. This is also defined as a positive focus error, as used in 
Chapters 3 and 4. . 



CHAPTER THREE 

FOCUS ERROR DETECTION 

The high data storage density achievable with optical storag~ is possible 

because the marks are written and read with a diffraction- limited scanning spot of 

submicron dimensions. Producing a spot this small requires the use of a moderately 

high NA scanning objective to focus the beam onto the surface of the spinning disk. 

The high numerical aperture implies a depth of focus that is at most a few microns, 

while for some applications it may be less than a micron (Fig. 3.1). Yet, the 

spinning disk is not flat and may show a vertical mnout of up to 500 urn while 

spinning at speeds up to 1800 rpm (30 Hz). Transient disturbances and higher 

frequency vibrations also need to be tracked to keep the disk in focus and avoid a 

loss of data. Some means must be provided to dynamically adjust the scanning 

objective focus, along with a detection system to sense the amount and direction of 

defocus. 

Focus adjustment is usually provided by mounting the objective in a 

linear actuator, such as a voice coil motor, that can quickly adjust the axial position 

of the objective in response to an electrical current applied to the coil. The control 

signal for this actuator is usually derived optically and will be referred to as the 

focus error signal (FES). The purpose of the FES is to provide a signal that is 

proportional to the focus error. This signal is routed to compensating and 

amplifying electronics and applied to the focus actuator to form the focus control 

servo. For example, a negative focus error may generate a negative FES which, in 

16 
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Fig. 3.1 Peak intensity versus defocus. The strehl intensity shown in this figure is the ratio 
of the on-axis intensity of the defocused scanning spot over the intensity for a 
diffraction-limited spot. 
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turn, drives the focus actuator in the proper direction to correct the error. A more 

complete description of the application of control theory to optical disk drives is 

given by van Rosmalen (1985). 

In this chapter we will investigate the use of computer models in 

simulating the behavior of focus control servos incorporating optically-derived 

focus error signals. A focus detection method using astigmatic optics will be used to 

illustrate the role of computer modelling, but the methods outlined in this chapter 

can be applied to other focus detection schemes as well. Paraxial ray-tracing will be 

shown to provide the basis for efficient, yet accurate, calculation of the error signal. 

Once the simulation method has been derived, it will be applied to a tolerance 

analysis to determine the allowable amounts of misalignment, and alignment 

diagnostics and methods will be derived. Finally, experimental verification of the 

accuracy of the model will be presented. 

FES Generation Methods 

A variety of methods for deriving the FES have been described in the 

literature. The optical methods can be broadly divided into two classes: those that 

rely on the information encoded on the disk to derive the FES and those that treat 

the disk as a featureless reflective surface. Of the former category, two methods use 

the amplitude ofthe high frequency data (which is maximized at optimum focus) to 

determine focus position. Since the data amplitude is quadratic in focus error, some 

means of differentiating this signal is needed to obtain a bipolar error signal. One 

method is time differentiation by wobbling the focus actuator (Braat and Bouwhuis, 

1978), while another forms a spatial derivative using two axially separated spots of 

orthogonal polarizations generated by a lens made of birefringent material 

(Towner, 1982). The high frequency information from each of the polarization 
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channels is detected separately and compared to form the FES. A third method is 

also described by Braat and Bouwhuis (1978) and makes use of the defocusing 

fringes found in the diffracted orders of the far field of the reflected beam. All 

three of these methods have an acquisition range that is only one order of 

magnitude greater than the depth of focus, but they have an advantage in that 

alignment errors cannot cause an PES offset, as is the case for the methods 

described below. The use of recorded data to derive the FES may also be a 

disadvantage, because such a system cannot focus on the blank regions of a disk. 

The focus detection methods that treat the disk as a featureless mirror 

can be described using geometrical optics. The literature gives many examples 

including the Foucault knife edge method and a variant method using a prism 

(Bouwhuis and Braat, 1978), skew beam method (Bouwhuis and Braat, 1978; 

Johnson, 1979; Earman, 1982), and critical angle prism (Bouwhuis and Braat, 

1983). Other, less widely used, methods have also been described (Bricot et aI., 

1976; Chan, 1986). The astigmatic method (Bricot et al., 1976) will be considered in 

depth in this chapter and is described below. 

Fig. 3.2 is a schematic of an optical disk head using astigmatic focus 

detection. As the disk moves out of focus by an amount f, the apparent object 

position of the reflected beam moves by 2£. This causes an axial motion of the 

image point formed by the detector optics. If the detector optics are designed to 

introduce astigmatism (usually by the addition of a cylinder lens), the shape of the 

elliptical blur formed in the detector plane will change as the disk moves in and out 

of focus. When the detector is placed at the medial focus of the detector optics, a 

circular blur will be formed. Moving out of focus in one direction causes the blur to 

elongate along the cylinder lens axis, while moving out of focus in the opposite 

direction causes elongation along the orthogonal axis (Fig. 3.3). This shape change 
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Generation of the FES from elliptical blurs. The bottom portion of the figure 
shows the astigmatic blur evolution on the focus detector as a function of focus 
error. Processing the detector signals in the manner shown in Eq. 3.1 yields the 
focus error signal (FES) shown at top. 
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can be detected by using a quadrant photo diode whose axes are oriented at 45° 

with respect to the astigmatism axes. H the photocurrents from each of the four 

detector elements are represented by the letters used to identify the elements in the 

figure, the FES is derived as follows: 

(A+B)-(C+D) 
FES = --------------------- (3.1) 

A+B+C+D 

where the numerator forms a bipolar error signal that varies linearly with focus 

error near focus. Using the sum of the four elements for normalization makes the 

FES insensitive to beam power fluctuations. 

Astigmatic focus detection is popular for a number of reasons. The 

linear region between the peaks of the FES (and hence the gain of the servo) is 

easily adjusted by varying the amount of astigmatism. More astigmatism leads to a 

larger linear region and lower selVO gain. For detector optics using a spherical lens 

and a cylinder lens, the astigmatism can be adjusted by changing the spacing 

between the lenses. This arrangement is relatively insensitive to alignment errors 

such as detector decentration or rotation of the cylinder lens or detector. The next 

chapter will show that this method is also somewhat insensitive to aberrations and 

tends to seek the best focus position to compensate for spherical aberration. 

Perhaps most important is the efficiency of this arrangement. When astigmatic 

focus detection is combined with radial tracking detection using push-pull, wobbler, 

or offset flag sectors (see Chapter 6), all of the data recovery and seIVo detection 

functions can be accomplished using a single scanning beam and the quadrant 

detector. This avoids having to split the beam into multiple detection paths, which 

increases system complexity and decreases the amount of light incident on each 

detector. 
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The disadvantages of this method include its sensitivity to the axial 

position of the detector. Moving the detector from the medial focus results in a 

shift of the FES null, causing the servo to lock onto an offset focus position. 

Manufacturing tolerances in the focal lengths of the astigmatic optics and the 

mechanical structure of the optical head may make it necessary to individually 

adjust the axial position of the detector for each optical head so the servo seeks the 

correct focus. This position is usually determined by adjusting the focus offset for 

maximum readback amplitude. The astigmatic method also requires slightly more 

room for the astigmatic optics and detector than some other methods such as the 

critical angle prism. 

Intensity variation caused by data passing under the scanning spot is 

usually ignored when analyzing the FES. The low servo bandwidth will average the 

high frequency data and render it invisible to the servo channel except for low 

frequency variations. The practice of normalizing the FES by the total reflected 

power tends to cancel low frequency variations in laser power and disk reflectance, 

but this simplified view of the effect of disk features is not entirely correct. Certain 

disk features are scanned at low frequencies well within the servo bandwidth as the 

scanning beam crosses over tracks at low velocities near the beginning and end of a 

track-seeking operation. Also, when the scanning beam is locked onto a track, there 

remains a small uncorrected tracking error that causes the beam to wander 

minutely back and forth across the track. These slow radial scans of the track cause 

disturbances in the intensity profile of the reflected beam and can have undesired 

effects on the FES by providing a coupling between the focusing and tracking 

servos, but they cannot be examined using the first order techniques presented in 

this chapter and are usually not considered in the design of the focus optics. In 
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Chapter 6 a more detailed theory will be presented which will permit the 

examination of the effects caused by disk features. 

Application of First Order Ray Tracing To FES Simulation 

When the optical disk is considered as a featureless reflecting surface, a 

geometrical optics analysis is usually sufficient to understand the operation of the 

focus error detection optics. This analysis often needs to be carried out only to first 

order by paraxial ray tracing and thin lenses. The goals of the analysis are as 

follows. The intensity distribution of the reflected beam on the focus detector, as a 

function of the focus error, is needed to calculate the detector element 

photo currents used to derive the FES. For critical angle focus detection this would 

involve tracing rays to the reflective surface of the critical angle prism so their 

angles of incidence can be determined and, from that, the Fresnel reflectance. For 

astigmatic focus detection the elliptical blur spot dimensions will be calculated as a 

function of focus error. 

It is also important to understand the misalignment conditions that may 

affect the FES. Misaligned source beams or tilted and decentered elements will 

cause the intensity distribution calculated at the detector to move to a new location. 

For some types of focus detection (e.g. the critical angle method) this may also 

affect the distribution of light relative to the chief ray. This type of misalignment 

can often be corrected by realigning the detector array to the new spot location. A 

different kind of misalignment occurs when the position of the reflected beam on 

the detector surface becomes a fun<:tion of the focus error. This latter condition will 

be referred to as dynamic misalignment while the former condition is static 

misalignment. 
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For rotationally symmetrical systems, the conventional paraxial trace 

using the ABCD matrix for each surface is easily extended to include the tracing of 

skew rays in the following manner 

[~~] = [; :][~y~] (3.2) 

where x and yare the ray heights and llx and l)r are the paraxial angles. When 

cylindrical surfaces are introduced this 2 X 2 matrix approach must be expanded to 

a 4 X 4 matrix described by Arsenault (1980). This 4 X 4 method can be applied to 

centered cylindrical or toroidal surfaces rotated at arbitrary angles about the 

optical axis, but the analysis is simplified when the principal axes of curvature of all 

nonsymmetrical surfaces are either parallel or perpendicular to each other. Such a 

system is referred to as an orthogonal system, and the 4 X 4 matrix approach can be 

broken down into two paraxial traces using 2 X 2 matrices with the x and y axes 

being oriented along the principal axes of curvature of the surfaces 

J( ~ Bx 0 0 x 

llx' Cx Dx 0 0 llx = (3.3) 
y- O 0 1\ By y 

uy 0 0 Cy Dy l)r 

In general, a beam travelling through such a system will become simply 

astigmatic. These same matrices (or equivalently, the paraxial ray trace data) can 

also be applied to a Gaussian beam propagation analysis and will generally yield an 

astigmatic Gaussian beam (Arnaud, 1985). The more general case of 

nonorthogonal optical systems gives rise to the more complex condition of general 

astigmatism (Arnaud and Kogelnik 1969) and will not be considered in this work . 

• 
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The matrix formulations described above make clear the linearity of the 

ray tracing operation for centered optical systems. Because of this, the linear 

combination of paraxial rays traced through the system is also a ray. For a 

nonsymmetrical system this means the path of any ray can be found by the 

appropriate combination of ray trace data obtained from four independent rays. In 

the case of an orthogonal system, the x-z and y-z planes can be considered 

independently if they are aligned with the axes of cylindrical power. For an 

astigmatic detection system this simplifies calculating the evolution of the elliptical 

blur size on the detector as a function of defocus. 

Fig. 3.4 shows how the y cross-section of the detector blur can be 

calculated for all focus positions by tracing a marginal ray in the y-z plane and 

another, independent, ray in the same plane. The figure shows the marginal ray 

passing through the scanning objective on its way to the focus detector. The 

independent ray is also shown along with a marginal ray traced at another focus 

position. The ray trace data for the first two rays can be used to find the position of 

the defocused marginal ray at the detector for any defocus, E. If the marginal ray is 

represented as rm and the other ray by r c' we wish to fmd constants, a and b, for a 

combination ray 

r'=a'r +b'r m c 

such that the components of the ray at the objective focal plane are 

u' = U m 

y' = Ym + ZEum 

(3.4) 

(3.5) 

When these conditions are met, the combination ray is actually the defocused 
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Determination of the detector blur size vs. focus shift. A linear combination of 
any two independent rays traced at nominal focus can be used to find the 
marginal ray height for any disk focus error E. 
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marginal ray. The solution of these equations is 

aUcum 
a = ---------------- + 1 

ucYm -umYc 

-au 2 
m 

(3.6) 

b= 
ucYm -umYc 

This transformation can be applied to the ray trace data for the marginal and 

independent rays at the detector surface to obtain the y cross-section of the 

elliptical blur as a function of defocus. A similar calculation can be performed in 

the x-z plane to obtain the x cross-section. 

The above analysis treated the blur as always being centered on the 

optical axis. However, small tilts and decenters of the optical elements and 

misalignment of the laser source will cause spot decentration. For noncentered 

systems the spot location will also tend to move as the disk moves in and out of 

focus. Tolerancing of the focus detection design requires an analytical tool for 

evaluating the effects of small tilts and decenters. This can be accomplished by 

modifying the paraxial trace so rays are traced to a noncentered surface using the 

global coordinates, transformed into the local coordinates of the surface, refracted 

or reflected, transformed back to the global coordinates, and propagated to the 

next surface. This differs from the convention normally used in optical design 

programs in that the trace always returns to the original, global, coordinate system 

after encountering a noncentered surface. For the case of tolerancing small 

deviations, the approach presented here is easier to use. 

Tne decentration method employed in this work is as follows. The 

unprimed x and y describe the global coordinates while x' and y' represent a 

coordinate system shifted by ~x and ~y with its origin at the surface vertex (Fig. 

3.5). If the surface is rotated about the z-axis by an amount Oz this rotation will be 
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Coordinate transformation to decentered surface. The unprimed axes are the 
global coordinates of the optical system, while the double primed axes are the 
local tilted and decentered coordinates of a given surface. 
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applied to the shifted coordinates to obtain the local surface coordinates given by x" 

and y". The paraxial ray heights and angles in these shifted and z-axis rotated 

coordinates are given by 

x" = (X-Ax)COSt]z + (y-Ay)sinez 

y" = -(X-Ax)sinez + (y-Ay)COS()z 

llx" = ~COS() z + llySine z 

lly" = -~inez + llycosoz 

(3.7) 

The surface may also be tilted, in which case the tilt angles must be added to the 

paraxial angles to give the final transformation to the surface coordinates. 

x(3) = x" 

y(3) = y" 

~ (3) = llx" - ()x 

uJ3) = u " - () 
y y y 

(3.8) 

where ()x and ()yare small tilt angles in the x"-z and y"-z planes, respectively. If the 

local surface is rotated about the z-axis, then these tilts will be with respect to the 

rotated x- and y-axes. It should be noted that this approach works only for small ()x 

and ()Y' a limitation that is consistent with tolerance analysis. Larger angles (such as 

turning mirrors at 45°) should be treated as having no tilt, with the paraxial tilt 

angles being used to study deviations from the nominal angle. 

After refraction or reflection at the surface, the paraxial ray quantities 

are transformed back to the global coordinates by reversing the above procedure. 

To find the location of the spot at the detector plane, it is only necessary 

to perform the tilt/decenter trace on the chief ray corresponding to the center of 

the beam. Since the blur sizes are functions of the focal properties of the lenses 

they are unaffected by small tilts and decenters and the calculation of these 

properties can be made while ignoring the misalignments. 
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AstiWatic Detection Simulation 

The above methods can be applied to simulating astigmatic focus 

detection. If we assume a Gaussian beam profile, the irradiance on the detector will 

have an elliptical Gaussian profile with semi-axes aligned with the axes of the 

astigmatic optics. The sizes of the semi-axes, wa and wb' will be measured at the e-2 

intensity, and determined as a function of the focus error, e, by tracing marginal 

rays (also at the e-2 intensity radius) in the a-z and b-z planes. The chief ray 

corresponding to the beam centroid will be traced to give x( e) and y( e), the blur 

location on the detector. Together, these quantities describe the evolution of the 

detector irradiance as a function of focus error. A more rigorous representation of 

the beam sizes can be obtained by using Gaussian beam propagation instead of 

tracing marginal rays, but this increased level of complexity is usually unnecessary. 

The detector may be rotated and decentered with respect to the blur 

center, but the integration of the blur over the detector elements is more easily 

carried out in the detector coordinates (Fig. 3.6). We will first transform the 

Gaussian blur profile into a rotated coordinate system parallel to the detector 

coordinates. In the beam coordinates given by (a,b) the intensity profile of a beam 

of total power Po is . 

I(a,b) = 10 ' exp[-2(a2/wa
2 + b2/wb2)]; 

= 2P J1rWaWh 

whereas in the rotated coordinates (x',Y) it is 

I(x',y') = Io'exp[-2(x'2cos2o + 2x'y'coso sino +y2sin20)/wa2] 

X exp[-2(x'2sin2o - 2x'y'cososino +y2cos20)/wb2] 

(3.9) 

(3.10) 

where 0 is the rotation between the ellipse and the detector. After a good deal of 
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Fig. 3.6 Detector integration geometry. Integration of the elliptical blur irradiance takes 
place in the detector coordinates (x,y). . 



algebraic manipulation, this becomes 

where 

I(x',Y) = 10 . exp[4(x' + y,B)2]·exp[-2y2/ct] 

ct = wb 2COS2() + wa 2sin2() 

,B = (wb 2-wa 2)cOS() sino / ct 

'Y = '2ct/wa 2Wb 2 
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(3.11) 

The transformation given in Eq. 3.11 allows the blur intensity to be viewed as a 

series of one-dimensional Gaussian strips parallel to the x-axis. The maximum 

intensity for anyone of these strips is located at x = -,By, and the width of each strip 

is ct/wawb. The envelope of the peak intensities for each strip is given by the second 

exponential term in Eq. 3.11, and is Gaussian in y with width ct. Special attention 

must be paid to the cases where wa' wb' or ct are zero. These cases correspond to foci 

and are physically impossible because diffraction guarantees a finite width in all 

cases. However, the model outlined in this chapter is based on geometrical spot 

sizes and may indeed lead to a case of zero width. This difficultY can be handled by 

limiting the minimum values of wa and wb to some small but finite value represent

ative of the diffraction-limited size. This should have little effect on the overall 

accuracy of the model because we are usually only interested in the integrated 

signal over a detector element, and because the range of focus error over which one 

of the spot dimensions is near the diffraction-limited line width is small compared 

to the range of interest. 

Decentering the blur with respect to the detector shifts the intensity 

expressed in detector coordinates by substituting the following quantities in Eq. 

3.11. 

x'=x-~x 

y = y- ~y 
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The photosignal from any detector element is proportional to the 

integrated intensity incident on that element. For example, the total optical power 

incident on element A in Fig. 3.6 is 

5 0 
P A = J J I(x,y) dx dy (3.12) 

o -5 

By breaking the detector region into a series of narrow horizontal strips 

(each of width oy), the integral can be approximated by 

5 

= 10 oy E exp[-2(y-Ay)2/a ] 
y=o 

o 
J exp[-f1«x-AX)+ (y-Ay),B?] dx 

-5 

5 

= 10 oy E exp[-2(y-Ay)2/a]· ~ 
y=o 

(3.13) 

This greatly speeds the integration because the integral in x can be represented in 

closed form as 

~= 
1 

--- (1f/'Y)1/2{ erf( V7 [(y-Ay),B-Ax])-erf( v'7 [-s+ (y-Ay),B-AX])} (3.14) 
2 

The advantage of using the erf function is that it can be quickly 

approximated for use in numerical analysis as shown in Chapter 2. Using this 

approach and breaking each element into 20 strips, the total power incident on a 

detector element can be calculated in a fraction of a second using a desktop 

computer. A typical simulation run requiring nearly 250 integrations can usually be 

performed in under 15 seconds. Fig. 3.7 shows the results of one such simulation for 

the nominal case of a perfectly centered spot that does not move as the objective 

sweeps through focus. The top half shows the photocurrents from the quadrants as 

a function of focus error. Due to the symmetry of the nominal case, the signals from 

diagonally opposed quadrants are identical, so only two traces are visible in the 
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figure. The bottom half shows the FES obtained by processing the quadrant signals 

in the manner given in Eq. 3.1. 

Parametric PES Simulation 

To calculate the FES and related detector signals, all one really needs 

to know are the elliptical blur size and location as a function of defocus and the 

detector geometry. In the above discussion these quantities were obtained through 

a paraxial ray trace of a particular optical disk head design. Sometimes it is more 

direct to consider the properties of the focus servo based only on its operational 

parameters rather than its design specifics. In this section we will show that the 

nominal operation of an astigmatic focus servo can be completely specified by the 

values of the focus error when the FES peaks, the size of the detector blur when the 

disk is in focus, and the size of the focus detector. The misaligned behavior can be 

described by adding the detector misalignment and the blur motion, if any, to the 

list of parameters. 

Eqs. 3.6 show that the blur dimensions are linear in the focus error. If 

wblur is the e-2 radius of the blur formed when the disk is in focus, and e_ and e + are 

the focus errors for which the FES peaks, one can immediately calculate the blur 

semi-axes wa and wb for all defocus values using the construction shown in Fig. 3.8: 

wa(e) = wblur 11 -e/e.l 
(3.15) 

wb(e) = wblur 11- e/e + I 
Note that these expressions give a spot dimension of zero at either line focus. While 

this is a physical impossibility, it does not represent a practical limitation because 

we are only interested in the intensity integrated over a finite area. The easiest way 
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Parametric calculation of the blur size. Given only e +. and E., and WJ,lur' we can 
immediately construct the evolution of wa and CI'J, as a function of the focus error. 
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to handle infinitesimally small spots is simply to limit their minimum size in the 

computer simulation. 

It can also be shown that in the presence of dynamic misaligment the 

blur position follows a linear trajectory across the detector as a function of focus 

error. Thus, for a parametric simulation the spot position can be directly entered as 

x(e) = Xo + e 
dx 

de 

dy 

de 

(3.16) 

where Xo and Yo are parameters describing the static misalignment and dx/ de and 

dy / de describe the spot motion. 

Detector Misalignment 

Using the parametric simulation described above, one can quickly 

establish alignment tolerances for the quadrant detector with respect to the blur 

spot. Cohen et al. (1984) showed a series of distorted FES curves resulting from 

detector displacement for specific implementations. This work will establish 

normalized tolerance curves that will be applicable to any astigmatic focus servo 

design. 

Detector misalignment creates three important disturbances in the FES 

as illustrated in Fig. 3.9. These are: FES offsets which cause the servo to lock onto a 

focus position other than zero, slope changes near the null which change the servo 

gain, and drops in one or both of the peak levels. This last disturbance is important 

when detection of the peaks is used as a discriminant to prevent the servo from 

locking onto false nulls. The goal of this section will be to determine how these FES 

defects vary with detector alignment. 
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It should be pointed out that FES offsets are not always undesirable and 

are sometimes deliberately introduced when the best focus position does not 

happen to be the paraxial focus. The easiest way to offset focus is by electronically 

offsetting the servo, causing it to lock onto an FES level other than zero, but this is 

prone to electronic drift. It is better to shift the FES null by moving the focus 

detector along the optical axis. Moving the detector closer to the source will cause 

the servo to move the scanning objective farther from the disk. 

To increase the generality of this study, all lateral dimensions such as 

spot size, spot position, and detector size will be normalized by wbIur' while the 

focus error will be normalized by the focus range between the two line foci formed 

by the blur. Since the FES peaks occur when these line foci are formed on the 

detector, this range will be referred to as f p_p' In most cases, the FES is symmetrical 

so 

-f=f =f /2 - + p-p 

Deviations from this condition are usually not large and will have little effect on the 

conclusions of this study. Finally, it will be assumed that the detector size is 

matched to the circular blur diameter given by 2wbiur' Varying the detector size has 

little effect on the linear region of the FES although making the detector smaller 

tends to sharpen the FES peaks. 

Fig. 3.10 shows the changes in the FES slope and offset as a function of 

the blur spot location on the detector. While the reduction in FES slope is nearly 

independent of the direction of spot misalignment, the FES offset is strongest when 

the misalignment is along the quad diagonals and nearly zero when it is along the 

quad axes. Establishing misalignment tolerances depends on the overall system 

requirements and error budgets. As an example, an alignment tolerance of 17.5% 

of the blur radius may be specified. For a typical blur 200 urn in diameter, this 



,.-, 
W 
L:J 
z 

5% « 
~ 

0.. 
I 1.7/' 

0.. 

~ 0 
~ 

I-
W 
(/.) 

L.. 
L.. -5% 0 

(/.) 

W 
L.. 

SPOT DISPLACEMENT/BLUR 

W 
l.:J 
Z 

0 

«. -9/. 

0.05 0.10 0.15 

I -10% --------------------------------------------
u 
W 
0... 
o 
...J 
(/.) -201. 
(/.) 

w 
L.. 

-301. 

0.20 

RADIUS 
0.25 0.30 

- . . . 

41 

Fig. 3.10 Changes in FES slope and offset caused by misalignment. The dotted lines 
indicate the tolerance zones discussed in the text. 
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Fig. 3.11 FES peak level as a function of misalignment. Two curves are shown for 
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means the spot must be centered to within 17.5 urn. In this case the FES slope 

should change by less than 10%. For a typical PES linear range of 15 urn, the FES 

offset induced by misalignment would be less than 0.26 urn. 

This tolerance also fits in with the data given in Fig. 3.11 showing how 

the FES peaks drop with misalignment. In this case the effect is also direction 

sensitive. This is because the positive and negative peaks in the FES occur when 

one of the astigmatic line foci are formed on the quadrant detector. When this 

happens, one set of diagonally opposed quadrants is strongly illuminated while the 

other two quads are unilluminated. If a misalignment causes the blur to partially 

illuminate the normally dark quadrants, the corresponding FES peak becomes 

weaker. Displacement along a quad diagonal causes the greatest decrease in the 

FES peak obtained when a line focus is formed perpendicular to the displacement 

direction. Displacement along the quad axes causes both peaks to become weaker, 

although the effect on both peaks is less than the effect on a single peak for 

displacement along the diagonal. By specifying that the centering alignment be 

better than 17.5% of the blur radius, we can ensure that the FES peaks will be 

within 65% of their nominal value. 

Spot Motion Induced by Misalignment 

So far, we have considered the effects of static misalignment between 

the astigmatic blur spot and the quadrant detector, and we have shown how one 

might determine an alignment tolerance zone. We have not considered the 

possibility of spot motion as a function of focus position. A mechanism for this 

phenomenon is shown in Fig. 3.12. The figure shows a ray passing through the 

scanning objective (OBJ) of an optical disk head. After reflecting from the disk, the 

ray passes through the objective a second time, represented by a second lens 
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(OBJ') in the figure. When the disk is in focus, the equivalent lens separation is 2f, 

while a focus error of E is equivalent to changing the separation by lE. 

If the central ray of the scanning beam passes through the front focal 

plane of the objective, the system is telecentric and the angle of the reflected ray 

emerging from OBJ' is unchanged regardless of the focus error. In this case the 

blur will tend to remain stationary on the detector. In the general case, however, 

the ray does not pass through the front focal point and the location of the spot on 

the detector will wander with defocus. The amount of wander per unit focus error 

can be calculated as a function of the central ray location in the front focal plane 

using paraxial'ray trace data. 

This dynamic misalignment follows a linear trajectory that can be 

described by the position derivatives with respect to focus error. The magnitude of 

the position derivative can be estimated from basic system information as follows: 

dr 2'wblur'Ar 
--- == --------------

ro'Ep-p dE 
(3.17) 

where Ar is the chief ray displacement and ro is the beam radius, both measured at 

the front focal plane. The exact magnitude of the spot motion will depend on the 

symmetry of the FES curve and the astigmatic lens orientation, while the direction 

of spot motion with respect to the direction of displacement depends on the 

astigmatic lens orientation. Generally, if the astigmatic axis is oriented at 45°, a Ar 

along the x-axis will result in spot motion parallel to the x-axis and a static 

displacement parallel to the y-axis. 

Fig. 3.13 shows an example of the blur spot evolution on the detector 

surface during a focus ramp when dynamic misalignment is present. In this case 

there is no static misalignment (i.e., the circular blur is centered on the detector). 

The FES corresponding to this spot motion is also shown in Fig. 3.14. The negative 
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Fig. 3.13 Blur evolution showing dynamic misalignment. The blur motion is from the 
lower left corner to the upper right. 
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peak formed when a line focus illuminates quadrants C and D is sharp while the 

positive peak: formed at the other line focus is severely attenuated because the 

misaligned spot illuminates quadrant C as well as the intended quadrants A and B. 

It is interesting to note that although the positive FES peak is 

attenuated, there is no FES offset near the null, nor is the FES slope at the null 

affected by the spot motion. This is because the blur is nearly centered on the 

detector near the focused position. By moving the center of the detector diagonally 

to the point where the line foci intersect, both FES peaks can be maximized (Fig. 

3.15). In this case the circular blur will be diagonally offset, however, and an FES 

slope change and focus offset will result. This leads to a common problem in the 

alignment of optical disk heads. 

The precise optical alignment requirements described so far make it 

impossible to design an optical head that can be assembled relying only on the 

mechanical tolerances of the parts. Some alignment will have to be done during 

and after assembly. One method of fine-tuning the head alignment involves moving 

the focus detector laterally until all four quadrants are equally illuminated when 

the disk is in focus. This can often be done while the focus servo is locked in focus 

(if the detector is not moved too far) and leads to a condition of zero static 

misalignment, such as the situation shown in Fig. 3.14. 

After the detector is centered, the objective is usually ramped through 

focus to check the FES curve by tracing it on an oscilloscope. One would expect to 

find the nominal FES shown in Fig. 3.7, but in the presence of dynamic 

misalignment one might find the distorted FES of Fig. 3.14. The mistake often 

made at this point is to attribute the distortion of the FES peaks to detector 

misalignment. An attempt may be made to reposition the detector while viewing 

the FES to find a detector position where both FES peaks are maximized. It has 
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already been shown that this method will take us from the situation shown in Fig. 

3.14 to the one shown in Fig. 3.15 where we now have a case of both static and 

dynamic misalignment, albeit one where theFES peaks have been maximized. 

The problem with this alignment is that the static misalignment along a 

detector diagonal causes an FES offset. This is easy to see in the simulation output 

because a vertical reference line shows the correct focus position. However, an 

actual measurement with an oscilloscope would not show where the proper focus 

position really is~ and the FES offset would go unnoticed. The alignment and 

diagnostic method described below prevents this condition from occurring. 

Alignment Diagnostics 

Once alignment tolerances have been established for the focus detector, 

methods must be found for diagnosing and correcting alignment errors. The 

diagnostics presented in this section make use of the focus quad detector as a 

position sensor to detect static and dynamic misalignments. Static errors are easily 

corrected by centering the focus detector on the astigmatic spot, while dynamic 

errors will require realigning the beam with respect to the front focal plane of the 

objective. 

For small displacements, electrical signals giving the position of the spot 

center with respect to the detector axes can be derived by processing the detector 

photocurrents in the following manner: 

(B + D)-(A + C) XPOS = ______________ a _____ _ 

A+B+C+D 

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

(3.18) 

A+B+C+D 
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Fig. 3.16 shows these signals as a function of spot displacement for two different 

detector sizes. The position signals are reasonably linear in position error as long as 

the spot is within 0.40 blur radii of the detector center. In previous sections we 

established an alignment tolerance of 0.175 blur radii. Applying that tolerance 

here, we find that the spot is adequately aligned as long as 

(XPOS2 + YPOS2)1/2 .s. 0.25 (3.19) 

These position signals are valid for the region near focus where the blur spot is 

roughly circular. Outside of focus the spot ellipticity distorts the position signals. 

Dynamic misalignment can be detected two ways. Quantitative 

information can be obtained by noting the spot position for two small focus offsets 

and directly calculating the position derivatives. If the static alignment error and 

peak-to-peak focus range of the FES are known, the derivatives can be used to 

calculate the spot position and ensure that it will remain within tolerance over the 

entire linear range of the FES. 

For alignment purposes one usually needs to know only the 

approximate direction of the dynamic misalignment. This can be obtained simply 

by examining the traces of all four quadrant signals while the objective is swept 

through focus. When there is no static or dynamic misalignment, the signals from 

diagonally opposed quadrants are identical for all focus positions, and a trace of all 

four quadrants degenerates into the two traces shown in Fig. 3.7. Small amounts of 

static misalignment cause the traces to separate, but they still follow essentially 

parallel paths. It is only when there is spot motion that the traces of diagonally 

opposed quadrants follow substantially nonparallel paths (Figures 3.14 and 3.15). 

An increase in the detector signal A with respect to signal B means that the spot 

motion has a component along the diagonal joining quadrants A and B, in this case 
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moving towards quadrant A The motion component along the orthogonal diagonal 

can be determined by observing signal C with respect to D. 

Table 3.1 provides a simple way to determine the direction of spot 

motion by observing the evolution of the difference signals A-B and C-D as the 

objective moves through focus. To read the table, one notes whether the 

differences are increasing, decreasing, or remaining nearly constant. It is not 

important to be exact, since the table only provides a general direction. For 

example, in Fig. 3.15 we see that A-B is constant while C-D is decreasing. From 

Table 3.1 we conclude that the spot is moving up and to the right. 

INCREASING 

(C-D) CONSTANT 

DECREASING 

INCREASING 

left 

up & left 

up 

(A-B) 

CONSTANT 

down & left 

no motion 

up & right 

Table 3.1 Determining spot motion from quadrant differences. 

DECREASING 

down 

down & right 

right 

Once dynamic misalignment has been detected, the next step is 

correction. The corrective action to be taken will depend on the particular design 

of the optical head and may involve adjusting a turning mirror to realign the beam 

in the objective front focal point, or it may require translating the objective. It is 

best if this adjustment does not change the field angle of the scanning beam 

because most optical disk objectives are corrected for a very small field of view, 
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usually less than a degree. It is likely that any adjustment made to eliminate the 

dynamic misalignment will also introduce a static error. This can be corrected by 

centering the detector on the new spot position. 

A typical alignment sequence is shown in Fig. 3.17 with the optical disk 

head shown in Fig. 3.2 as an example. We start with an objective lens that is 

laterally displaced from the illuminating laser beam (Ax = 0.1 mm, Ay = 0.25 mm). 

The focus detector has been centered by activating the focus selVO to keep the 

objective focused on a reflective surface while moving the detector to balance the 

quadrant signals~ This actually moves the detector off the nominal axis, but there is 

no way of knowing that at this point. An examination of the quadrant signals as the 

. objective is swept through focus reveals the x-shaped pattern shown in Fig. 3.17a 

while the resulting FES is shown in Fig. 3.17h. The intersection of all four quadrant 

signals at a common point in Fig. 3.17a indicates that the detector is centered, while 

the divergence of the traces for diagonally opposed quadrants indicates dynamic 

misalignment. As we discovered in the previous section, centering the detector in 

the presence of dynamic misalignment often causes a drop in the FES peaks. 

Consulting Table 3.1 shows the spot to be moving left and down. By 

moving the objective to correct the spot motion, we obtain the quadrant signals 

shown in Fig. 3.17c and the FES of Fig. 3.17d. Note the nearly parallel trajectories 

of the traces indicating that there is no spot motion, but the blur spot is no longer 

centered on the detector. All that remains to complete the alignment is to move the 

detector laterally to balance the four quadrant signals when the objective is locked 

on focus. In practice, the above procedure may require several iterations if there 

are large misalignments, but this author has found that it always converges to a 

state with neither static nor dynamic misalignment. 
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Fig. 3.17 Typical alignment sequence using quadrant detector. Both FES and quadrant 
signals are shown. The alignment progresses from a centered detector with a 
moving blur (a and b) to a stationary blur that is no longer centered (c and d). At 
this point the detector needs only to be moved to the center of the blur, and the 
alignment will be complete. 

• 
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E?q)erimental Results 

The computer model developed in this chapter shows promise as a 

useful tool for predicting the performance of optical disk focus servos, but its 

usefulness binges on the accuracy with which it can simulate laboratory 

experiments. This section presents the results of three experiments designed to 

study the accuracy of the model presented thus far. These experiments were 

performed by the author while working for the Storage Technology Corporation 

(STC) in Louisville, Colorado. 

The optical disk head under development at STC was divided into two 

part~: a fixed optics plate on which the bulk of the source and readback optics· 

rested, and a lighter, moving optics assembly which moved on rails under the fixed 

optics plate to access the various data bands recorded on the optical disk (Fig. 

3.18). On the fixed optics plate, a helium-neon source laser was directed by two 

turning mirrors into a beam-expanding telescope. The expanded beam passed 

through a polarizing beam splitter (PBS) to a mirror that reflected the beam 

through a hole in the optics plate to another turning mirror below. From there, the 

beam travelled parallel to the path of the moving optics, through a relay telescope, 

and finally· through the scanning objective (DID.) where it was focused onto the 

spinning disk. 

Upon reflection by the disk, the return beam passed back through the 

moving optics and onto the optics plate. Although not shown in the schematic, a 

quarter-wave plate in the optical path rotated the polarization of the return beam 

so it was reflected by the PBS. After this reflection, it travelled through the 

astigmatic optics and onto a detector array including a quadrant detector used to 

detect the focus position of the scanning objective. 
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Fig. 3.19 shows the optical test stand used in the experiments described in this 

section. A mirror mounted on the end of a high-precision differential micrometer 

can be seen under the fixed optics plate in the lower photograph. This mirror was 

placed under the scanning objective where the disk would normally be found. The 

micrometer was equipped with an encoder and electronic readout capable of 

reading the micrometer position to within 0.01 urn. In practice, motions in one 

direction were easily obtainable to a precision of 0.1 urn, allowing for a 

detailed study of how the detector signals varied with focus position. The test stand 

also included micrometer adjustments for the laser alignment and detector 

position. In this series of tests, an uflnormalized version of the FES was measured 

instead of the form given in Eq. 3.1. 

The first experiment involved entering a description of the readback 

optics into the computer model and calculating the FES expected from this optical 

head. The actual FES was measured by applying a voltage ramp to the focus motor 

and observing the FES on an oscilloscope. Both of these are shown in Fig. 3.20. 

Since the objective velocity is essentially constant over the region shown in the 

oscillograph, the time scale can be converted to distance if the velocity is known. 

This calibration was obtained by moving the micrometer-mounted mirror a known 

distance and observing the horizontal shift of the FES on the oscilloscope screen. 

Using this technique, the horizontal scale in the oscillograph was found to be 5.9 

um/div with an estimated error of + 2%. Since an unnormalized FES was being 

measured, the vertical scale in the oscillograph also had to be compensated for 

comparison with the model. Signal levels in the model are normalized on the 

assumption of unit total power in the spot. Adding the measured quadrant signals 

when the mirror was in focus gave a total of 18.55 volts, so the measured FES needs 

to be divided by 18.55 for comparison with the theory. 
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After the adjustments outlined above, measurement points were taken from the 

oscillograph and plotted for comparison on the same graph as the computer output 

in Fig. 3.20. We find good agreement with the model, especially considering the 

number of factors that went into predicting the FES. The model predicted an FES 

range of 12.5 urn between peaks while an actual range of 11.6 um was measured. 

Since the FES range is sensitive to the focal lengths of the objective, relay telescope 

lenses, and astigmatic optics, and the focal length tolerance of each lens is 

commonly .± 2%, this small variation frOni the predicted result should not be too 

surprising. Two of the lenses were configured as a telephoto lens with an effective 

focal length tolerance of .± 8%. This alone is enough to account for many of the 

differences between simulated and measured results presented in this section. 

Earlier in this chapter, the simulation predicted that the FES slope 

would decrease as the detector was decentered (Fig. 3.10). The second experiment 

was a laboratory measurement of this effect, the results of which are shown in Fig. 

3.21. In this experiment, the slope near the null was measured directly from the 

oscilloscope trace of the FES with an estimated accuracy of + 2.5%. A translational 

stage attached to the focus detector was used to decenter the spot while a 

mechanical indicator accurate to 0.0001" was used to measure the amount of 

translation. Three sets of measurements were made, each of them over a 

translational range of + 0.004" in 0.001" steps, for a total of six slope measurements 

for each decentration value. After discarding the highest and lowest values of each 

measurement, the measured points are displayed in Fig. 3.21 along with the curve 

predicted in Fig. 3.10. When two or more measurements resulted in duplicate 

values, only one symbol was plotted on the graph. 

The final experiment investigated the usefulness of the simulation in 

predicting misalignment behavior and developing alignment diagnostics. The 
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previous section introduced an alignment method that made use of oscilloscope 

traces of the individual quadrant signals to detect and correct dynamic 

misalignment. Recall that the cause of this type of alignment error was a 

misalignment of the chief ray of the illuminating laser beam with respect to the 

front focal point of the scanning objective. In this experiment, the He-Ne source 

laser was deliberately misaligned by a known amount by pushing the front of the 

laser tube using the micrometers built into the laser mount. The same 

misalignment was entered into the FES computer model, and the predicted 

quadrant signals were compared with the laboratory measurements. In this case the 

laser was pushed down 35 um and sideways an additional 35 um. The result was 

spot motion along one of the quadrant detector diagonals. The computer output 

showed good agreement with the laboratory results, both of which are shown in Fig. 

3.22. Since the spot motion was along one of the quadrant diagonals, two of the 

quadrant signals are superimposed while the other two diverge. Moving the laser 

also introduced a static misalignment which is evidenced by the lack of a common 

convergence point for the four signals. Moving the laser tube up 70 um (35 urn from 

the nominal position) yielded the theoretical and experimental results shown in 

Fig. 3.23. In this case, the spot motion is orthogonal to the case shown in Fig. 3.22. 

The three experiments presented in this section have offered reassuring 

evidence that the computer model developed in this chapter does indeed appear to 

be a faithful simulation of the optical processes used to derive the FES. The 

differences between predicted and measured results can be attributed to within 

tolerance departures of the tested optical head from the designed system, and 

uncertainty in the measured signals. 
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Fig. 3.22 Results of the laser misalignment experiment. Experimental and simulated 
results showing changes in the quadrant detector signals are presented. 
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Fig. 3.23 Additional laser misalignment results. In this case the front of the laser tube was 
pushed up 35 urn, instead of down. 
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Summary and Possible Extensions 

This chapter has developed a simple ray trace model to explore the 

properties of astigmatic focus detection systems. A computer simulation based on 

this model provides fast, quantitative results that can be used to explore the 

behavior of particular designs and establish alignment tolerances. Experimental 

verification of the model accuracy was also provided. 

A number of unexplored areas could also be covered by relatively 

simple extensions of the work presented here. In the case of astigmatic detection, 

the most important extension would be the ability to handle general astigmatism 

rather than the simple case presented here. This would require tracing four 

paraxial rays instead of two, but would allow the modelling of systems with multiple 

sources of astigmatism rotated at arbitrary angles. One common example of such a 

system is an astigmatic source with one axis parallel to the x-axis while the cylinder 

lens of the focus detection optics is rotated 45°. 



CHAPTER FOUR 

FOCUS ERROR DETECfION AND ABERRATIONS 

The high numerical apertures and thick disk substrates used in optical 

recording make some amount of scanning beam aberration inevitable. Even when 

high quality sources and well-corrected scanning objectives are used, minor tilt and 

thickness variations of the disk substrate (through which the scanning beam must 

travel before reaching the data) will produce measurable aberrations. The previous 

chapter explored the first order behavior of focus detection systems by using a 

computer simulation of the detection process. We found that misaligning the focus 

detector can lead to focus errors of the scanning beam. This chapter will explore 

the effect of the primary aberrations on focus servo performance. In particular, we 

will determine whether the focus servo seeks the position that best compensates for 

the aberrations present in the scanning beam. 

The focus detection model presented in this chapter will use wavefront 

aberration theory to calculate spot diagrams and focus detector irradiance. The use 

of geometrical spot diagrams is appropriate in this case because the blur formed at 

the detector is not near a focus of the beam. When the amount of aberration (or 

defocus) is greater than one wave, it is generally accepted that the spot diagram 

begins to resemble the irradiance calculated by diffraction theory, particularly for 

the purposes of this model where we are only interested in the irradiance 

integrated over large regions of the spot. 
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Wavefront Aberration Model 

An examination of a typical optical disk head shows that the optical 

components can be broken into three main modules, each of which can be char

acterized by its own aberrations (Fig. 4.1). The source module produces a beam 

(usually collimated) that illuminates the scanning optics. This includes all 

components up to the beamsplitter that separates the incident beam from the beam 

reflected by the disk. The scanning optics, which include the scanning objective and 

the disk substrate, form the second module. The beam passes through this module 

twice. Upon reflection, the beam encounters the same beamsplitter that separated 

the source optics from the scanning optics, except this time it is directed through 

the detector optics on its way to the data and servo detectors. The detector optics 

will often include special components, such as cylinder lenses, as part of the focus 

detection system. 

The primary aberrations can be represented by the aberration 

polynomial introduced in Chapter 2: 

W(r,o) = W 11 r cos(o - <Ptilt) + W20 r2 + W 4<f4 

+ W31 r3 cos(o - <pcoma) + W22 r2 cos2(o - <Past) 

which can also be represented in Cartesian form: 

W(x,y) = Wllx x + Wlly y + W20 (x2 + r) + W40 (x2 + r)2 

+ W31x (x2+r) x + W31y (x2+r) y 

+ W22 (x' cos<Past + y' sin<past)2 

where r, X, and yare all normalized to the pupil radius. 

(4.1) 

(4.2) 

A separate set of aberration coefficients can be used to characterize 

each of the optical modules described above. These module aberrations will be 

designated by W source for the source module, W obj for the scanning objective and 

disk substrate, W obj' for the objective and substrate after reflection, and W det for 
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the detector optics. The total aberration present at the detector is given by the 

following sum: 

Wtotal = Wsource + Wobj + Wobj' + Wdet (4.3) 

Due to the symmetry of reflection, the W obj and W obj' polynomials are identical, 

except for the tilt and coma terms which have odd symmetry and, therefore, 

opposite signs. 

The summation of wavefronts is handled on a term by term basis. If two 

wavefronts, Wa and Wb, are to be added to form a new wavefront, W, the summing 

of individual terms in the wavefront polynomial proceeds as described below. 

Tilt. The amount of tilt is given by W 11 with angular orientation cPtilt' 

where cP is measured from the x-axis rotating into the y-axis. For the two wavefronts 

being added, Wa and Wb, the resultant tilt term is a simple vector addition given by 

where 

W11 = (W1b. 2 + W11/)1/2; cPtilt = ATAN2(W11Y' W1lx) (4.4) 

W llx = W llacoscPtilt a + W llbcoscPtilt b 

W 11y = W 11asincPtilt a + W llbsincPtilt b 

Defocus and Astigmatism. The amount of defocus is given by W 20' 

while the amount of astigmatism is given by W22 and oriented at angle cPast" Since 

defocus is radially symmetric, if it were to be simply considered alone, the defocus 

resulting from the sum of two wave fronts would be the sum of the defocus 

coefficients. Unfortunately, the possible presence of astigmatism oriented at an 

arbitrary angle adds complications that require the two aberrations to be treated 

together when summing wavefronts. 
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Considering only quadratic terms, the wavefront polynomial can be 

rewritten as 

W = (W'}2COS2tP ast + W 2O)X2 + W'}2sin2tP ast?'Y + (W '}2sin2tP ast + W 20)y2 

= tx2 + uxy + vy2 (4.5) 

The sum of two such wavefronts can be obtained by adding the 

quadratic coefficients, 

u = ua + ub 

v = va + Vb 

and converting back to the more conventional Seidel aberrations: 

W'}2 = [(t - v)2 + u2]1/2 

W20 = (t + v- W'}2)/2 

tPast = ATAN2(u,t - v)/2 

(4.6) 

Spherical Aberration. Spherical aberration is given by W 40' Since it is 

radially symmetric, it is also a simple sum of coefficients: 

(4.7) 

Coma. The amount of coma is given by W31 with orientation tPcoma' 

Like tilt, the sum of coma terms is a vector sum: 

where 

W31 = (W31:/ + W31/)1/2; tPcoma = ATAN2(W31Y' W31x) (4.8) 

W31x = W31acostPcomaa + W31bcostPcomab 

W31y = W31asintPcoma a + W31bsintPcoma b 
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Calculating The Detector Spot Diagram 

To model an astigmatic focus detection system, we note that the defocus 

aberration of the scanning objective is given by 

W20obj(EZ) = E~A2/2).. (4.9) 

where Ez is the distance from the objective focus to the disk and NA is the 

numerical aperture of the objective. Since the scanning beam passes through the 

objective twice, this aberration is doubled in the final wavefront. If the focus servo 

range is Ep_p' then a line focus must be formed on the detector whenever E
Z 

is 

.±. Ep_p/2. This can be used in the following manner to calculate the amount of 

astigmatism that must be introduced by the detector optics. Since the detector is 

placed at the medial focus of the astigmatic optics, the magnitude of additional 

defocus introduced at either end of the FES range must equal half the detector 

astigmatism: 

1 
-- W22d 2 et 

or, 
W22det 

(4.10) 

The only other aberration that is constrained by the operational 

characteristics of the focus servo is the amount of defocus in the detector optics. 

When the scanning objective is in focus, a circular blur must be formed on the focus 

detector. This means that the detector must be placed at the medial focus of the 

detector optics, or 

- 1 
W20 d = ---- W 22 d et 2 et (4.11) 

Once the final wavefront is determined by setting the appropriate 

aberration coefficients and summing the contributions from the optical modules, 
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the spot diagram at the detector plane can be calculated using the following well

known formula 

E = X 

E = 
Y 

-A dW 

dx 

dW 

dy 

(4.12) 

where Ex and Ey are the transverse ray aberrations, dW I dx and dW I dy are the 

wavefront aberration derivatives at the point in the exit pupil from which the ray 

emerges, and NAdet is the numerical aperture of the detector optics (Fig. 4.2). 

One can calculate the irradiance of each detector quadrant by tracing a 

sufficiently dense grid of rays to the detector surface. If the ray falls in a particular 

quadrant, the weighted value of that ray is added to the quadrant'S total 

photosignal. For most systems, the intensity weight of a ray will be given by a 

Gaussian apodization of the system pupil. The simulations presented in this chapter 

traced a grid of approximately 2800 rays. Gaussian apodization was used with the 

weighting factor chosen to truncate the illuminating beam at the t/e2 intensity. 

Once all the rays were traced and the detector signals calculated, the signals were 

processed in the usual manner (see Eq. 3.1) to obtain the FES. 

This approach has a few limitations. Because discrete rays are being 

traced to represent a continuous beam, there is digitization error. One way to 

counter this effect is to progressively increase the number of rays traced until the 

dependence of the calculated result on the number of rays is less than the desired 

accuracy of the model. For the number of rays used in this chapter, the calculated 

FES was within 5% of the limiting value. 

Another limitation stems from the usage of a wavefront aberration 

model, rather than the more time-consuming process of tracing individual rays 
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through the optics. As a result of this approach, the FES asymmetry that one 

observes as the distance between the scanning objective and astigmatic optics is 

varied does not appear. Since the work in this chapter is mostly concerned with the 

FES behavior near focus, and a highly asymmetrical FES is usually undesirable 

from a design viewpoint, this should not represent a serious problem. 

Fig. 4.3 shows spot diagrams of the normal evolution of the astigmatic 

blur on the detector. The case modelled in this figure is for a 0.6 NA scanning 

objective with a focus range of 15 um. The FES slope near focus for this nominal 

case is 0.16/um. The remaining sections of this chapter will explore how additional 

aberrations affect this nominal FES. 

Scanning Objectiye and Disk Substrate Aberrations 

A high numerical aperture beam passing through a plate of glass or 

similar material of thickness, T, will experience spherical aberration given by 

-T·NA4 • (n2 - 1) 
~~ == -----------------------

8.\n3 
(4.13) 

Although this spherical aberration is normally compensated by the design of the 

scanning objective, variations in the disk substrate thickness and refractive index 

can still cause an appreciable amount of aberration to be present in the scanning 

beam. Typical substrates are 1.2 mm thick (± 0.05) with a refractive index of 1.583. 

For a 0.6 NA scanning beam with a wavelength of 830 nm, this gives a spherical 

aberration variation of ± 0.37 waves. Without refocusing, this much aberration 

would cause the peak intensity of the focused spot to drop by more the 30%. 

However, with proper refocusing, this drop in intensity can be reduced to less than 

4%. ~e need to find whether the automatic response of the focus servo is to seek 

this best focus position. 
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Spherical aberration creates a different focus position for each radial 

zone in the exit pupil. The zone that is in focus maps onto a circular annulus at the 

detector surface, while the other zoaes map onto elliptical rings of various degrees 

of eccentricity. At the paraxial focus, all of the zones are defocused in the same 

direction, with the outer zones of the blur becoming progressively more elliptical. 

The resulting detector spot diagram is shown at top in Fig. 4.4. This causes an offset 

in the FES to which the servo responds by moving the objective to a new position 

that nulls the FES. At this new focus the detector blur appears as shown in the 

bottom of the figure. 

When the illuminating beam has a Gaussian profile truncated at the 

1/e2 intensity, the focus servo works to add approximately -0.65 waves of defocus 

for each wave of spherical aberration. This ratio of spherical aberration to defocus 

remains relatively constant over the range of aberration one is likely to find in 

operating disk drives, and is somewhat less than the classical balance found by 

setting the magnitude of the defocus equal to the spherical aberration, but with 

opposite sign. It should be remembered that this classical balance maximizes on

axis intensity when the pupil is uniformly illuminated. The Gaussian apodization 

present in most optical disk systems attaches more importance to the central zones 

than the outer ones, so the preferred focus will tend to be closer to the paraxial 

focus. 

How important a role does the apodization play in determining best 

focus? Fig 4.5 shows how the best focus position varies with apodization. For the 

1/e2 apodization typical of optical disk drives, the best focus position is a little over 

93% of the unapodized balance. The improvement in Strehl intensity for this 

optimum focus over the classical position is only 0.5%. In practice, there will be 
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Detector blurs with spherical aberration. TOP: At paraxial focus; BOTTOM: At 
FES null . 
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Fig. 4.5 Optimum balance of defocus and spherical aberration for apodized beams. The 
dashed reference line shows the typical apodization for an optical disk head. 
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little error if we take the best focus to be the classical balance of defocus and 

spherical aberration. 

Given that the focus servo provides approximately 70% of the desired 

refocusing in the presence of spherical aberration, we need to evaluate the impact 

of spherical aberration on spot quality. Fig. 4.6 shows how the peak spot intensity 

varies with spherical aberration with no refocusing, at best focus, and at the servo 

focus position. When the thickness error is 0.05 nun (W 40 is 0.37 waves), the Strehl 

intensity is 97% at best focus and 94% at the selVO focus. This represents a 

considerable improvement over the less than 70% that would be obtained with no 

refocusing. Fig. 4.7 shows cross-sections of the spot profiles that would be obtained 

under these conditions. 

A similar study of the knife-edge method for detecting focus error was 

conducted by Marchant (1983). He found that this type of servo also tended to 

compensate for spherical aberration, but in this case the servo only moved halfway 

to the best focus. By blocking out the central portion of the beam, however, he was 

able to force the servo to seek best focus. This makes sense because the central 

portion of the beam tends to focus closer to the paraxial focus. By removing its 

influence on the focus detection, the servo would tend to focus further from the 

paraxial focus. A similar effect can be observed in the astigmatic method of focus 

detection. 

Tilting the disk substrate with respect to the scanning beam induces 

coma and, to a lesser extent, astigmatism. The amounts are given by 

T . Q • NA3 . (n2 - 1) 
W 31 = -----------------------------

2>.n3 
(4.14) 

-T'Q2'NA2 '(n2-1) 
W22 = -----------------------------

2>.n3 
(4.15) 
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Fig. 4.6 Strehl intensity in the presence of spherical aberration. The dashed reference 
lines show the peak intensity with 0.37 waves of aberration at best focus (top 
curve), servo focus (middle curve), and paraxial focus (bottom curve). 
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where Q is the tilt angle (in radians). Evaluating these expressions shows that for 

0.25° of tilt one can expect 0.26 waves of coma and 0.002 waves of astigmatism. 

Coma causes a transverse shift of the beam focus, not a longitudinal 

shift, so compensating for coma is more a task of the radial tracking servo than the 

focus servo (see Chapter 6). In fact, coma induced by the scanning objective or disk 

substrate has no effect on the focus servo. This is because the odd symmetry of this 

aberration causes cancellation when the beam passes back through the substrate 

and objective after being reflected by the disk. 

The amount of astigmatism induced by substrate tilt is negligible, but 

astigmatism can still be introduced by the scanning objective. Since the operation 

of the astigmatic servo is based on balancing defocus against astigmatism, it is not 

surprising to find that the servo responds by seeking the best compensating focus. 

Fig. 4.8 shows how the peak intensity varies with astigmatism at this best focus 

position. 

Source Aberrations 

The source optics include the laser source and any collimating or beam

forming optics up to the beamsplitter that separates the incident beam from the 

reflected beam. The previous section demonstrated that the focus servo will tend to 

compensate aberrations introduced by the scanning objective or disk substrate. The 

focus servo will also tend to balance source aberrations, but the correction will only 

be half as effective as it was for the scanning optics. This is because, for objective 

and substrate aberrations, the final wavefront at the detector has twice the 

aberration that was present at the disk, and twice the defocus. The balance between 

defocus and aberration is the same at the disk and the detector. For source 

aberrations, however, the same amount of aberration is present at the disk and 
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detector, but there is still twice as much disk defocus at the detector. The focus 

servo will therefore introduce only half of the defocus needed to compensate for 

source aberrations. 

Because the source aberrations are likely to result from fabrication or 

alignment errors of the source optics, they are static errors. Their degrading effect 

on the focused spot can often be lessened by compensating alignments of other 

optics or by introducing permanent offsets in the servo systems. This is in contrast 

to the substrate aberrations which change dynamically and must be constantly 

corrected by active servos. 

Astigmatism is probably the most common source aberration because it 

is often inherent to laser diodes, or it may be introduced by the beam shaping 

prisms sometimes used to correct the elliptical divergence pattern of many diodes. 

Fig. 4.8 shows how the peak spot intensity depends on astigmatism when half the 

required refocusing is made. For comparison, the figure also shows the peak 

intensity at best focus. Since source aberrations are likely to be fixed, the source 

astigmatism can be fully compensated during the initial alignment of the optical 

head by introducing an offset into the focus servo. The automatic operation of the 

servo will then provide half compensation for any changes in source astigmatism 

after this initial setting. 

Coma can also be introduced by the collimating optics. In the previous 

section, we found that coma introduced by the disk substrate had no effect on the 

focus servo because the symmetry of the scanning optics caused it to be cancelled 

before reaching the focus detector. In the case of source coma, there is no 

cancellation, and coma will cause a focus shift unless a compensating offset is 

introduced during the initial alignment. Depending on its orientation, 0.25 waves of 

coma can cause from -0.063 to -0.085 waves of defocus at the disk. However, coma 



1.0 

>- 0.9 
I-
1--1 

(/) 

0.8 z 
w 
I-
z 0.7 
1--1 

--.J 
0,6 :c 

w 
0::: 
I- 0.5 
(/) 

0.4 

0.3 
0 

0.6 NA 

830 nM 

11 e2 trunco. tion 

0.1 0.2 0.3 

ASTIGMATISM [we vesJ 

rIg. 4.8 Peak intensity in the presence of astigmatism. 

85 

0.4 



86 

seriously degrades the disk performance and would usually not be tolerated as a 

source aberration. 

The source aberration most likely to change after the initial alignment 

of the optical head is the collimation or focus of the source. If the source is a diode 

laser collimated using a microscope objective, small changes in the distance 

between the diode and lens due to thermal expansion of the structure holding the 

two can cause significant focus errors given by 

f 2 
a 

E =Sz • -----
Z f2 

c 

(4.16) 

where sz is the distance change, fc is the focal length of the collimating lens, and fa 

is the focal length of the scanning objective. Normally, the focus seNO works to 

correct focus errors. In this case, since the aberration is in the source optics, only 

half the error is corrected. 

Detector Optics Aberrations 

Aberrations in the detector optics will obviously not be found in the 

scanning spot. The only influence they can have on the spot quality is by creating a 

focus seNO offset. We mentioned earlier that fixed offsets in the focus seNO are 

usually compensated in the initial head alignment by adjusting the detector axial 

position until the best focus is obtained. The sensitivity of this axial adjustment will 

now be examined. 

An axial displacement of the focus detector corresponds to a defocus of 

the detector optics. The amount of wavefront defocus is given by 

W 21J det = SZdet NAdet 
2 /2>. (4.17) 
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where c5Zdet is the detector displacement. This will shift the FES null to the point 

where the defocus at the disk (Eq. 4.9) is -1/2 of the defocus in Eq. 4.17. Working 

this out, we find that the focus shift at the disk is 

Ez = -c5Zdet NAdet2/2NA2 (4.18) 

From this it is apparent that the sensitivity to the detector placement decreases as 

the focal length of the astigmatic optics increases. 

Summary 

In this chapter we showed how wavefront aberration theory can be 

applied to study focus error detection methods. Astigmatic focus detection was 

used as an example, but the simulation method presented here lends itself easily to 

other focus detection schemes. The main concern was to find how the focus selVO 

would respond to changing aberrations brought on by variations in the disk 

substrate or in the field position of the scanning spot. In the case of astigmatic 

detection, we found that the selVO responded favorably to spherical aberration by 

moving most of the way to the best focus position to compensate. Coma, which 

cannot be compensated by refocusing, had no effect on the selVO. The servo also 

works to properly compensate for astigmatism. 

We also investigated the role of static or slowly drifting aberrations of 

the source optics. Normally, these aberrations are compensated during the initial 

alignment of the optical head when the focus selVO null is adjusted for the best 

focus position. However, long term drifts may arise during the lifetime of the disk 

drive. It was found that changes in the collimation, spherical aberration, and 

astigmatism of the source would be compensated only half as effectively as similar 

aberrations in the scanning optics. 



CHAPTER FIVE 

DIFFRACflON THEORY BASICS FOR OPTICAL RECORDING 

By treating the disk as a featureless reflective surface, we were able to 

model the focus detection process using only geometrical optics. In considering the 

tracking servo and readout mechanisms, one must be able to account for the data 

features encoded on the disk surface. Since these features are near the resolution 

limit of a diffraction-limited scanning system, a diffraction based model needs to be 

employed. In this chapter we will use scalar diffraction theory to develop the 

necessary tools. 

The use of scalar diffraction theory to model optical disk performance is 

not without some controversy. At issue is whether the approximations used in the 

development of the scalar theory are valid for the high numerical apertures used in 

optical recording and whether it can accurately describe the interaction of the 

scanning beam with the wavelength-sized features of the disk. A number of more 

rigorous models taking into account the vector nature of the optical field have been 

developed (Wolf 1959; Richards and Wolf 1959; Mansuripur 1986), but these 

models are more complex than scalar models arid have been applied to a more 

limited set of circumstances. In many cases, the results obtained using a vector 

theory do not differ much from the scalar theory, but the computational cost is 

much greater. In studying more complex readout problems such as crosstalk, a 

scalar model is often the only practical solution. One of the goals of this chapter 

88 
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will be to more carefully examine the limitations of the scalar theory compared to 

the vector approach to determine the cases to which it can be successfully applied. 

Diffraction Integrals 

We start with the assumption that the optical field is a complex 

disturbance that can be expressed as a scalar field of the following form: 

u(x,y;z) = eirp(x,y;z) . a(x,y;z) 

where rp is the phase and a is the amplitude of the disturbance, measured on a plane 

whose location is given by z. To find the irradiance on this plane, we square the 

optical field: 

I(x,y) = u' u· = lul 2 

If we know the field at the plane, z = 0, we can find its value at another 

location by applying the Rayleigh-Sommerfeld diffraction formula: 

1 exp(ikrOl) 
u(x1'Y1) = ---- f J u (x ,y) ------------- cos(n,ro1)dx dy (5.1) 

~, 0 0 0 0 0 
U\ rOl 

Here, we have followed the notation of Goodman (1968) with Uo being the known 

field and r01 being the distance from the point (xo'Yo) to the point (xl'Y1)' The 

obliquity factor, cos(n,r01)' is a direction cosine given by the cosine of the angle 

between two unit vectors, n and rOl' where n is normal to the plane, z=O, and 

points to the observation plane, and rOl points from (xo'Yo) to (x1,y 1)' 

In the case of optical disk systems, we are primarily interested in 

calculating the diffraction properties of steeply converging or diverging wavefronts, 

given a focal plane field that is confined to a very small region. (We will also 

consider the inverse problem of obtaining the focal plane field given the far field.) 

In this case, it makes more sense to calculate the diffracted field for points (x1,y 1) 

on a spherical surface of radius f, centered on the focus (Fig. 5.1). We will also 
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Fig. 5.1 Geometry of the diffraction problem for large numerical apertures. The focused 
field (uO> is confined to a small area and can be calculated either on a reference 
sphere centered on the focused field, or on a plane (ucoll) after collimation by an 
aplanatic lens. . 
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introduce a coordinate system based on direction cosines (a.=x1/f, P=Y1/f) to 

replace the Cartesian coordinates used up to this point. As long as the sphere is 

sufficiently distant from the focus, we can make the following approximations: 

a) Attenuation is constant on the sphere. 

(5.2a) 

b) For a given point on the sphere, the obliquity factor is constant for all 

source points in the focal plane. 

cos(n,r01) s:::s [1 - 0.2 - p2]1/2 = 'Y (5.2b) 

c) Over the regions of interest, the propagation phase can be taken as: 

(5.2c) 

The last approximation takes the first two terms of an expansion of r 01 

and represents the propagating wavelets as plane waves. This is actually the 

limiting behavior of the propagation phase as f goes to infinity. Just how close f has 

to be to infinity can be found by calculating a few specific examples of the 

approximation and comparing them to the exact results. Consider the focus of a 0.6 

NA system with a wavelength of 830 nm. H Uo is essentially confined to a region 

with a 5 urn or less radius (this would be in the neighborhood of the 6th Airy ring), 

the error in approximation 5.2c is less than 0.01 waves over a 0.6 NA reference 

sphere just 1 mm from the focus. If the reference radius is increased to 5 mrn, the 

error is less than 0.002 waves. 

Substituting approximations 5.2 into the diffraction integral (5.1), 

gives the following expression for the optical field for points on the reference 

sphere: 

'Yeikf -211'i 
u(a.,p) = -------- f f u (x ,y ) exp[ --~--- (aKo + f3Yo)]dxodyo iAf 0 0 0 A 

(5.3) 
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This is the well known Fourier transform result. Squaring this field gives the 

irradiance at the point (a,p), but this irradiance is measured on a differential 

surface element that is normal to the optical axis (Fig. 5.2). To find the irradiance 

on a corresponding surface element tangential to the spherical surface, we note 

that the total flux (dz) through both surface elements must be identical: 

dcI» sph = dell pIn 

Isphdasph = IpIndapIn; 'YdapIn = dasph 

this leads to, 

Isph(a,p) = IpIn/'Y = lu(a,p)1 2/'Y (5.4) 

In optical disk systems, the diverging wavefront is usually collimated by 

a well-corrected microscope objective, mapping the wavefront on a spherical 

surface of radius f onto the principal plane of the collimated side of the lens. It 

would be convenient to adapt Eq. 5.3 to yield a transformation between the focal 

plane and the principal plane. Since the mapping will preserve the phase errors 

found on the reference· sphere, we have only to account for the disturbance 

amplitude. This can be accomplished by applying radiometric arguments similar to 

those used to derive Eq. 5.4. 

For an aplanatic lens, the sine condition gives the height of an emerging 

ray originating from the focus: 

r = f· p; where p = (a2 + p2)1/2 

Consider an annular area on the reference sphere lying between p and p + dp and 

the corresponding annulus on the principal plane between r and r+ dr. The total 

flux through both regions must be the same, but the area on the sphere is greater 

than on the plane due to the inclination of the spherical surface. Therefore, the 

irradiance on the plane must be larger: 

(5.5) 
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Fig. 5.2 Radiometric geometry applied to calculating the field strength of the diffracted 
field. 
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The disturbance amplitude on the collimated wavefront is the square 

root of the irradiance, giving 

-ieikf 

---------- U (xl >.f,y I >.f) 
>.f 0 

(5.6) 

where U 0 is the Fourier transform of uo. This formula can be inverted to yield the 

focal plane field given the field of a collimated beam incident upon an aplanatic 

lens. The configuration shown in Fig. 5.1 has been inverted so the beam still travels 

from left to right. 

-ieikf 

--------- U ll(xl>.f,y I>.f) 
>.f co 

(5.7) 

Here, U colI is the Fourier transform of the incident beam field, uo• The limited 

extent of the lens pupil and any aberrations in the lens should be represented as 

part of ucoll. 

It should be pointed out that a more precise approximation of the 

propagation phase could have been made by including the next ( quadratic) term in 

the expansion of r01 given in 5.2c. In this case, the expression for the collimated 

disturbance (5.6) would have included convolution with a quadratic phase factor, 

exp[-i1r(x2+y2)/4f>.], whose behavior would approach that of the Dirac delta 

function as f increased. The influence of this quadratic phase would be completely 

canceled by Fresnel diffraction if the collimated wavefront were propagated to the 

front focal plane of the lens rather than the principal plane. So, to be more precise, 

we could say that Eqs. 5.6 and 5.7 represent a transformation between the front 

focal plane of a lens and its back focal plane. This is the same transformation 

commonly derived by others (see Goodman, Chapter 5, for example), except it has 

been accomplished without the<·usual small angle approximations that would be 

cause for concern when analyzing systems with large numerical apertures. 
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Diffraction of the Vector Field 

At this point, the only major approximation is the assumption of a scalar 

field. With a scalar field, all of the source points of the original field are capable of 

complete interference to produce the obselVed field at another location. With a 

steeply converging, linearly polarized wavefront this is not the case. Between any 

two points on the converging wavefront we are likely to find orthogonal 

polarization components that do not interfere. 

Wolf (1959) corrected this limitation by developing a vector field theory 

that decomposed the exit pupil field into three plane wave spectra for each of the 

vector components. After propagating these plane waves to the focal region, the 

optical field can be reconstructed by superposition of the plane wave components. 

Computationally, this reduces the problem to calculating three Fourier transform 

integrals similar to Eq. 5.7. 

Richards and Wolf (1959) calculated the resulting electric field density 

at the focus for a linearly polarized incident beam, for a variety of numerical 

apertures. The results at 0.5 NA are shown in Fig. 5.3, where they are compared 

with the well known Airy profile result of the scalar theory. The two theories are in 

close agreement, although there is a slight elongation of the profile along the 

direction of the original polarization. This elongation becomes more pronounced at 

higher numerical apertures (the result for 0.87 NA is also shown in Fig. 5.3), but is 

probably less significant in the case of optical disk drives because the Gaussian 

apodization of the illuminating beam tends to reduce the effective NA of the 

system, and the beam is often circularly polarized. This circular polarization would 

lead to circular symmetry of the focused spot and tend to average the eccentric 

profiles of the linearly polarized case. 

• 
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FIg. 5.3 Comparison of scalar and vector diffraction theories of spot formation. The 
vector theory (square data p'oints [Richards and Wolf 1959]) predicts elongation 
of the electric field density for linearly polarized light at high NA. However, for 
the moderate NAs and circular polarization common to optical recording, the 
scalar theory (solid lines) gives adequate results. 
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Mansuripur (1986) has reported a similar line of investigation, although 

his result is expressed in different terms than Wolfs. Like Wolf, Mansuripur 

decomposes the exit pupil field into three scalar plane wave spectra, but his 

approach differs in the decomposition method. For large numerical apertures, the 

phase in the exit pupil oscillates rapidly as one approaches the edge of the pupil 

and the numerical calculation of the plane wave spectrum becomes difficult. Wolf 

overcomes this problem by applying the principle of stationary phase to produce an 

asymptotic expansion of the transform integral used to calculate the plane wave 

spectrum. He shows that the error introduced by this is negligible. Mansuripur 

chooses to retain the oscillatory term, but factors out the predominant ( quadratic) 

term and deals with it analytically rather than numerically. However, his recipe for 

computing the focal plane field requires five Fourier transforms (Wolf requires 

three) and a number of other computationally involved steps. Mansuripur's Fourier 

transforms also need to be computed ~T! a denser grid than Wolfs because, 

although the dominant quadratic term has been factored out, there is still a 

substantial phase oscillation due only to the curvature of the converging wavefront. 

In Wolfs formulation, the only phase term is the aberration of the wavefront. 

Mansuripur presents results for a 0.3 NA system. The computation of 

these results required 512 X 512 point transforms and about 10 minutes on a VAX 

11/780 computer. The implication is that larger numerical apertures would require 

denser arrays and more computer time. The results appear to be in qualitative 

agreement with Wolfs, although a more direct comparison is not possible because 

Wolf does not present results for this numerical aperture. Wolfs method does not 

require denser grids for higher numerical apertures, and would probably yield good 

results using 128 X 128 point arrays on an inexpensive desktop computer. Although 
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this author has not carried out the calculation, a reasonable estimate for the time 

involved would be 2-4 minutes. 

Interaction of the Scanning Beam with the Disk Marks 

In the scalar theory, the disk surface is described by a complex 

reflectivity r(x,y), where bumps and grooves are represented by the reflectivity 

phase. By unfolding the conventional reflective scanner configuration of the disk 

drive, we obtain the layout shown in Fig. 5.4. Here, the incident field uo(xo'Yo) is 

incident on the focusing lens, whose pupil and aberrations are described by a 

complex pupil function P(xo'Yo). This beam is focused to a spot described by h(e,J7). 

Immediately after reflection by the disk, the field at the focal plane is 

r(e-x,J7-y) . h(e,J7), where x and y describe a displacement of the disk surface origin 

from the optical axis. This reflected beam diverges and is recollimated by the 

focusing lens and directed onto a detector. Because the detected signal is the total 

integrated power in the reflected beam, the detector location is arbitrary as long as 

all light emerging from the lens is incident on the detector. Aberrations imposed by 

the recollimation, or additional optics in the path, do not affect the detected signal. 

In this case, the detector is placed in the front focal plane as a computational 

convenience. 

Two general methods have been used for calculating the signals 

detected from the reflected scanning beam. The first is a direct physical analogy 

(Revay, Spong, and DeVore 1983; Jipson and Williams 1983). In this case the 

focused field of the scanning spot is calculated by application of a Fourier 

transform (Eq. 5.7). After multiplying the focused field by the disk reflectivity, the 

reflected field in the exit pupil is calculated another Fourier transform (Eq. 5.6). If 

the detector is placed in the exit pupil, the detector intensity can be calculated by 
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Simplified layout of a typical disk drive is similar to a scanning optical 
microscope. 
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squaring the optical field and integrating over the appropriate regions to obtain the 

detected signals. More complex detector optics (for example, astigmatic focus 

detection) can be modelled by multiplying the exit pupil field by an appropriate 

detector optics pupil function and applying another Fourier transform to obtain the 

field at the detector focal plane. The advantage of this method is its generality. Just 

about any disk geometry or detector configuration can be simulated. The 

disadvantage is the amount of computation required. At least one Fourier 

transform, squaring operation, and detector integration is required to calculate the 

detected signal for a single scan position. Obtaining a complete scan would require 

calculating the signals for many scan positions. 

The other approach is to note that the configuration shown in Fig. 5.4 is 

that of a scanning optical microscope, the theory of which has already been 

described by Hopkins (1953 and 1979), Sheppard and Choudhury (1977), and 

Wilson and Sheppard (1984), among others. Rather than repeat derivations that 

can be found in these references, the results will be summarized here. The detected 

signal as a function of the disk position is 

s(x,y) = f f f f R(m,n) R * (p,q) C(m,n;p,q) e-i21r[x(m-p) +y(n-q)]dm dn dp dq 

(5.8) 

where R is the Fourier transform of the disk reflectivity, r. C is a characteristic 

function of the scanning optics called the cross transfer function, which is calculated 

in the following manner 

C(m,n;p,q) = If H(x+m,y+n) H*(x+ p,y+ q) IP(-x,-y) 12 D(-x,-y) dx dy 

(5.9) 

where m, n, p, and q are scaled spatial frequencies given by m = '\fin, etc. P is the 

pupil function of the scanning lens with focal length f, while H is the product of the 

pupil with the optical field illuminating the objective. (H is also the inverse Fourier 
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transform of the focused spot.) D represents the detector spatial response. The 

inclusion of a detector response function allows more complex detector geometries 

(such as quadrant detectors) to be modelled. For a single element detector 

underfilled by the reflected beam, D is unity. 

Given the complexity of Eq. 5.8 and 5.9, some physical interpretation is 

in order. Any distribution of marks and grooves on the disk surface can be 

decomposed into a superposition of single frequency diffraction gratings by taking 

the Fourier transform of the disk reflectivity. Consider a converging beam incident 

on one such grating (Fig. 5.5). The grating transmits (or reflects) diffracted orders, 

which are recollimated by the scanning objective and fall upon the detector. Where 

the orders overlap, there is interference that modulates as the grating moves under 

the scanning beam. Expressed as a function of grating position, the modulation has 

a period equal to the grating period. 

For more complex (i.e., multifrequency) gratings, it is possible for 

orders resulting from different frequencies to overlap and interfere. The 

amplitudes and relative phases of all diffracted orders from a given disk structure 

are given by R(m,n), where (m,n) describes a particular two dimensional spatial 

frequency component of the disk structure. An overlap of two orders designated by 

R(m,n) and R(p,q) produces a component in the detected intensity given by the 

integrand of equation (5.8). The cross transfer function describes the total 

contribution °to that component arising from all points in the overlap region of the 

orders in question. Eq. 5.8 gives the detected intensity as the superposition of all 

these frequency components. The calculation and use of the cross transfer function 

to model optical disk functions will be further described in Chapter 6. 

The primary limitation of this theory derives from the assumption that 

the angle, phase, and amplitude of the diffracted orders can be completely 
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DETECTOR 

o ORDER (undiffracted) 

INTERFERENCE REGION 

FOR 0 and +1 ORDERS 

INTERFERENCE REGION 

FOR 0 -1 ORDERS 

Fig. 5.5 

'DETECTOR SURFACE 

Physical interpretation of the cross transfer function. Individual spatial frequency 
components of the disk reflectivity create diffracted orders which interfere in the 
exit pupil of the scanning objective. As the disk is scanned, the interference is 
modulated. 
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described by the Fourier transform of the disk reflectivity. That is, the interaction 

of the scanned object with the incident beam can be described by mUltiplying the 

complex reflectivity of the object with the incident field, rather than by solving the 

more complex boundary value problem of the electromagnetic field at the surface 

of the object. Under the scalar theory, the diffraction properties of a grating are 

independent of the angle and polarization of the incident beam. This is not the case 

as the size of grating features approaches the wavelength of the light, particularly 

when the grating is made of a conductive material. In this case, the amplitude and 

phase of the diffracted orders may considerably differ from the values predicted by 

the Fourier transform, and may show a strong dependence on the polarization of 

the incident beam. 

vector Diffraction Theory Applied To Scanning 

A number of authors have attacked this problem, particularly as it 

relates to optical data storage, but a complete and rigorous solution for high 

numerical aperture beams scanning arbitrary disk mark geometries has remained 

too complex for practical computation. Work by Pasman (1983, 1985a, 1985b) has 

been the most recent and offers useful guidance as to when the more complex 

vector theory needs to be applied, and how it may be applied efficiently. 

Pasman solves the boundary value problem for certain cases of uniaxial 

and biaxial gratings. The uniaxial case corresponds to continuous grooves and is 

solved for plane waves whose plane of incidence is perpendicular to the grooves. 

The angle of incidence can be varied, but has only a small effect on the relative 

phase of the diffracted orders, while the amplitude remains unaffected. As 

expected, the deviation from the scalar theory becomes more pronounced as the 

groove width narrows and the conductivity of the disk increases. For example, in 
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studying the diffractive properties of grooves formed in photoresist where the 

incident medium is water, Pasman finds almost no deviation from the scalar theory. 

This is attributed to the nonconductivity of the photoresist and the decrease in the 

scanning beam wavelength caused by the elevated refractive index of the incident 

medium. However, a similar study for the same grooves after a silver overcoating 

has been applied (and air is the incident medium) shows considerable deviation 

from the scalar theory and large polarization dependence. 

The cases described above are not representative of typical optical disk 

applications, but were explored because they described diffraction experiments 

often used as diagnostic tools in the production of optical disk masters. A more 

representative case is also considered by modelling grooves in a Te based flim with 

the scanning beam incident through the glass disk substrate. This case shows some 

deviation from the scalar theory, particularly in the phase of the diffracted orders, 

but these effects become less important as the groove width approaches the 

vacuum wavelength of the scanning beam. Pasman concludes that the scalar theory 

provides adequate results in this case. (Some results from this study are shown in 

Fig. 6.26 of the next chapter.) 

Pasman also considers the more general case of modelling data marks 

by treating the disk as a biaxial grating. Due to the complexity of the problem, he 

only calculates the diffracted orders for normal incidence, noting that for a 0.5 NA 

beam in glass the maximum angle of incidence is 20°. He again finds that the scalar 

theory correctly predicts the general behavior of the system and provides 

reasonable quantitative results. 

From the above discussion we may conclude that scalar theory can often 

be successfully applied to the solution of many optical storage problems. Two 

factors work in favor of this approach. The first is the poor conductivity of the 
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materials (usually Te based or polymer films) used as the active layer in data 

recording applications. The second is the common practice of scanning through the 

disk substrate so the incident medium is glass or a similar material. This reduces 

the wavelength of the scanning beam in relation to the disk features and decreases 

the angle of incidence for rays at the edge of the converging wavefront. 

In the cases where the scalar theory does break down (or where more 

accuracy is desired) it seems that the major problem has to do with the phases and 

amplitudes of the diffracted orders (the R terms in Eq. 5.8), rather than in the 

calculation and application of the cross transfer function. In this case, the accuracy 

can be improved by a partial application of the vector theory to determine the 

proper values of the diffracted orders. It is usually only necessary to do this for the 

case of normal incidence. If the scanning beam contains polarization components 

both parallel and perpendicular to the grooves (as in circular polarization), the 

intensity signal can be calculated by considering the two polarizations separately 

and adding the resulting signals. 



CHAPTER SIX 

RADIAL TRACKING SIGNAL 

Optical disk drives require a radial tracking signal to control a tracking 

actuator. The actuator may be a galvanometer mirror or a translational device such 

as a voice-coil motor (VCM) used to move the optical head or a lens within the 

head. The actuator moves the scanning spot so it can follow the track runout 

introduced by respindling the media platter, nonrepeatable spindle runout, and 

transient tracking disturbances created by disk drive vibration. The radial error 

signal (RES) describes the difference between the spot position and the track, and 

is usually derived optically by one of the methods described below. 

The RES can be simulated using the optical cross transfer function 

introduced in the last chapter. Once the transfer function for a particular optical 

system has been calculated, a variety of media and track structures may be 

examined without having to repeat the most time-consuming part of the 

calculation. Since the tracks are essentially one-dimensional features we can use a 

simpler form of the cross transfer function and the problem may be solved on a 

desktop computer. The computer simulations presented in this chapter were run on 

an mM PC/AT equipped with an Intel 80287 numeric coprocessor. In this chapter 

we derive an RES simulation using the cross transfer function and compare the 

results with experimental data. 

106 
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Radial Tracking Methods 

Many optical disks are pregrooved. The data-bearing surface (usually 

the underside of the disk substrate) is preformed with a series of concentric 

continuous grooves to guide the scanning beam. Depending on the tracking method 

used, these grooves are usually 1/8 or 1/4 wave deep. The space between the 

grooves is called the groove pitch, with a typical value of 1.67 urn. Data marks are 

written either in the grooves or in the "land" between the grooves. These marks 

form data tracks, which are not continuous features (Fig. 6.1). Whenever we refer 

to features written onto the disk by the read/write head, we will call them tracks or 

data tracks. When we refer to linear features in general, we may also call them 

tracks as well. 

When we specifically refer to preformatted relief features on the disk 

surface, we will call them grooves or pregrooves. With pregrooved formats, each 

groove (or the land between two grooves) represents a potential region in which 

data may be written. In this sense, it is possible to also refer to these locations as 

tracks (as in: track number 15673), whether data has actually been written there or 

not. Occasionally, we will refer to these unwritten locations as unwritten tracks. 

Data trac,ks may exhibit contrast in either the reflectivity phase or amplitude. 

Grooves are strictly phase features. 

The purpose of the tracking servos described in this chapter is to control 

a radial tracking actuator so the scanning spot can follow the data tracks even 

though disk ronout may cause the tracks to wobble by many microns. Normally, this 

will be accomplished by tracking preformatted grooves. Occasionally, one may 

encounter disk formats without grooves or other pre formatted servo information 

(also Fig. 6.1). In this case, the only features to be tracked are the data tracks 

themselves. An example of this would be audio compact discs where the 
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Fig. 6.1 Optical disk tracks and grooves. TOP: Most disks are preformatted with grooves 
to guide the tracking servo. Data marks may be recorded between the grooves 
(shown) or in the grooves. BOTTOM: Some disk formats do not include 
proegrooves. In this case, the scanning beam must track the data marks similar to 
those shown here. 
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prerecorded nature of the data makes it unnecessary to provide tracking guidance 

for unwritten portions of the disk. 

Three Beam Tracking 

In three beam tracking, two auxiliary tracking spots scan the media 

surface to generate the tracking signal. The spots are usually generated from the 

main read spot by means of a diffraction grating. Rotating the grating creates a 

radial separation between the tracking spots and a phase difference between the 

intensity signals detected from the spots (Fig. 6.2). The difference of these signals 

forms a tracking signal that is nulled when the main read spot is centered on a 

track. The difference signal is often normalized by the sum of the tracking detector 

signals to compensate for changes in the absolute power incident on the detectors. 

This does not necessarily compensate for variation in the marked and unmarked 

reflectances of the media since the amplitude of the normalized RES is still a 

function of the media contrast defined by 

Rm-Ru 
MEDIA CONTRAST = ----------- (6.1) 

Rm +Ru 

where Rm and Ru are the marked and unmarked media reflectances. 

Once the grating rotation is fixed this system provides a solid tracking 

reference whose only alignment requirement is that all of the light throughput for 

each of the tracking spots be directed onto the respective detectors. The quality of 

the RES produced by this method, and its relative immunity to alignment errors, 

make it the system of choice for many read only optical disk systems such as CD 

players. However, the diversion of energy into the tracking spots makes this method 

impractical for read/write systems unless a separate laser is provided for writing. 



110 

--- -- BEAMSPLITTER 

DISK 

--

Fig. 6.2 

-- -
DETECTOR 
OPTICS 

CHANNEL A 

CHANNEL B 

I 
I 

\ I 
\ I 
\ I 
\ I 

OBJECTIVE 

TRACKING 
DETECTORS 

DISK SURFACE 
(detail) 

Optical schematic of three beam tracking. The light reflected by two off-axis 
tracking spots is collected by detectors for channels A and B. The resulting 
signals are processed to form a radial error signal used to keep the central spot 
centered on the track. 
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Push-Pull Tracking 

This method is also referred to as single-spot or phase tracking. The 

tracking signal is derived from a split detector located in the far field of the 

scanning beam, often in an image plane of the exit pupil (Fig. 6.3). The track 

structure on the media creates diffraction orders in the scanning beam which 

interfere in the exit pupil. Radial runout of the tracks creates relative phase shifts 

between the diffracted orders in the same way a moving grating shifts the phase of 

its diffracted orders. Shifting the tracks in the positive cross track direction causes 

an increase in the phase of the positive orders and a decrease in the negative 

orders, which is proportional to the track displacement. 

If the grating structure formed by the tracks is purely amplitude 

modulated, the phase shift is symmetrical with respect to the zero order and no 

tracking signal is formed (Fig. 6.4). However, for phase modulated tracks this 

symmetry is no longer present. When a phase track passes under the scanning spot 

the leading edge causes one side of the pupil to become darker than the other, 

while a trailing edge reverses the situation. Taking the difference of the detector 

signals from the pupil halves yields a bipolar tracking signal which may also be 

normalized by the sum of the signals. 

Shifting the line which splits the pupil will increase the energy di~ected 

on one side of the detector at the expense of the other and induce an offset in the 

push-pull RES. For this reason detector alignment is critical and will be examined 

by the RES simulation presented here. Causes of tracking detector misalignment 

include component and beam drift, and the spot motion as a function of focus 

position discussed in Chapter 3. The tracking actuator itself may cause 
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Optical schematic of push-pull tracking. The same spot is used for tracking and 
reading. A split detector (usually placed in the exit pupil) detects light diffracted 
to the sides of the reflected beam by the tracks. The signals from the two 
detector halves are processed to form the radial error signal. 
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.Fig. 6.4 Phasor diagrams of diffracted orders for amplitude and phase modulated tracks. 
As the scanning beam moves across the tracks, the phase increases for the 
positive orders and decreases for the negative. For amplitude modulated tracks, 
the diffracted phases are always symmetrical with respect to the undiffracted 
order, and no push-pull tracking signal can be formed. 
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misalignment, as is the case for a galvanometer mirror not placed in the front focal 

plane of the scanning objective. 

Wobbler or Dither Tracking 

This is another single-spot tracking method where the amplitude of the 

readback signal is synchronously detected with a wobble or dither of known 

frequency. The wobble is either present in the data being tracked or is mixed into 

the control signal of the radial actuator (Fig. 6.5), and causes the signal reflected by 

the track to be amplitude modulated. When the wobble is centered on track the 

modulation envelope of the reflected signal contains only even harmonics of the 

wobble frequency. Moving off track causes the appearance of the wobble frequency 

in the envelope. The sign and amplitude of this fundamental frequency give a 

bipolar tracking signal. 

Sector Servo Using Offset Flags 

A recent variation of the three bean method is the sector servo 

(Yonezawa and Tsuyoshi 1985, Thomas 1986). Here, special servo marks 

sometimes called offset flags are placed at regular intervals along each track. Each 

flag consists of two marks slightly offset on either side of the track (also Fig. 6.5). 

Instead of using two tracking spots offset from the data track, this method uses the 

on-axis read spot to sample the signal coming from first one flag and then the other. 

If the read spot is exactly on track, the sampled signals will have identical 

amplitudes, whereas an offtrack condition will cause the signal from one flag to be 

stronger than the other. Forming the difference of these sampled signals yields a 

bipolar tracking error signal. The value of the error signal is held for tracking 

control until the next offset flags are encountered. Data is encoded in the area 
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between the selVo sectors. Because of this, data and servo marks do not interfere as 

they do with many continuous tracking schemes. However, the sampling intelVal of 

the selVO information decreases the selVO bandwidth, and the amount of track 

space that must be devoted to the selVO sectors increases the system overhead. 

Although this chapter will be restricted to an examination of the three 

beam and push-pull tracking methods, we note that since the model presented here 

calculates the amplitude of the reflected signal as a function of tracking error it can 

also be used to predict the performance of a wobble tracker or a sector selVO. 

Basic Theory And Computational Techniques 

Simulating the RES will require calculation of two fundamental 

scanned intensity signals. One will be the total intensity signal integrated over the 

system pupil as the tracks are scanned. This will be referred to as the total aperture 

signal. The other signal will be the intensity integrated over one side of a split pupil. 

In general, the line splitting the pupil will not pass through the center of the pupil. 

This will allow us to investigate the effect of detector misalignment. The signal 

from the other split detector channel will be obtained by subtracting the split pupil 

signal from the total aperture signal. These signals will give all the information 

needed to simulate three beam and push-pull tracking. 

Derivation of Scanned Track Signal8 

We start by restating the cross transfer function result of the previous 

chapter. The track structure at the disk can be represented by a complex reflectivity 

function r(x) or by its Fourier transform R(f). Then the reflected intensity signal 



obtained as the tracks are scanned is 

s(x) = f f R(m) R*(p) C(m;p) e-211ix(m-p)dmdp 

where x is the scan position and C is the cross transfer function given by 

C(m;p) = ff HI(x+m,y) HI*(x+p,y) IP2(-X,-y)1 2D(-x,-y)dxdy 

m=Afm ; P=Afp 
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(6.2) 

(6.3) 

Here, HI represents the product of the complex pupil function of the 

illuminating lens and the amplitude of the field illuminating the entrance pupil of 

the lens, while m and P are scaled spatial frequencies. P 2 is the complex pupil 

function of the collecting lens. For reflective optical disks HI and P 2 usually 

represent the same objective. D is the spatial detector gain function, regions of 

which may be negative for electronically inverted signals. When the total aperture 

signal is to be calcujated D is unity. For the left side of a split pupil D becomes 
r-

D1(x,y) = 1 for x < xedge (6.4) 

o otherwise 

If we restrict our attention to periodic track structures, R(f) becomes a 

discrete spectrum, and the track-crossing signals are given by 

s(x) = E ERR * C e-211ix(m-p)fo m p m,p 
mp 

(6.5) 

where m and p now represent the harmonic number of a spatial frequency rather 

than the spatial frequency itself. Rm is the amplitude and phase of the spectral 

component R(mfo) and fo is the fundamental spatial frequency of the tracks, 

usually the inverse of the track pitch. This method also has the advantage that we 

only have to compute the values of C(m;p) at the harmonics of fo which lie below 

the cutoff frequency of the system. These values are represented by Cm,p. From this 

we can identify the Fourier components of the signal spectrum given below, where 
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Sp represents the amplitude and phase of the pth harmonic 

• Sp = E Rm R m-p Cm,m-p 
m 

(6.6) 

with the actual image signal given by 

sex) = E S e-21rixpfo 
p p 

(6.7) 

We now have the basic signals we need to calculate the RES. In a 

computer program for simulating the RES it is efficient to store these signals in 

their spectral form since only a few harmonics are typically present. The total 

aperture and split aperture signals are calculated using the cross transfer function 

derived from the appropriate detector sensitivity function. 

Obtaining the Radial Error Signal (RES) 

Given a particular optical scanning system and track reflectivity profile, 

assume that the scanned signals for the total aperture and left side of a split 

aperture have been calculated and are represented by St(x) and sI(x), respectively. 

The signal for the right side of a split aperture is easily derived from these 

(6.8) 

Each tracking method will derive a tracking signal from two detector 

channels, A and B, the assignments of which are given below. As stated before, the 

normalized RES is 

A-B DIFF 
RES = ---------- = 

A+B SUM 

The unnormalized RES is just the difference signal (DIFF). 

For three beam tracking, channels A and B correspond to the total 

aperture signals of the two tracking spots. Since these spots are radially offset from 
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the on-axis scanning spot used to calculate St(x), channels A and B are obtained by 

shifting the total aperture signal 

A = St(x - A/2) 
(6.9) 

where A is the radial separation of the tracker spots. 

The push-pull tracking channels are simply the signals from the left and 

right sides of a split pupil: 

A = sr(x) = St(x) - sI(x) 

B = sI(x) 
(6.10) 

Methods for calculating the cross transfer function are given following 

this section. As an example, we will now calculate the tracking signals resulting 

from the. scanning optics and track structure described in Table 6.1. The track 

profile has a uniform reflectance with the tracks representing grooves on the 

surface, as shown in Fig. 6.6 along with track spectrum. 

ScanDing Optics 

Numerical Aperture 

Wavelength 

Gaussian Truncation 

Track Profile 

Track Pitch 

Track Width 

Track Depth 

0.5 

825nm 

e-2.5 

2.4um 

1.0um 

>./8 

Table 6.1 Simulation parameters for RES example. 
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track reflectan ce r( x) 

(35) 

(135) (135) 

(-45) (-45) (135) (135) (-45) (-45) 

I I I I I I (135) 
I 

-4 -3 -2 -1 0 +1 +2 +3 +4 +5 

track spectrum R( f) 

Rectangular track profile and resulting spectrum. Reflectivities ru and rt are 
complex and can be used to describe amplitude modulation, phase modulation, 
or a combination of both. The height of the track spectrum represents the 
relative amplitude of a particular diffracted order, while the phase (in degrees) is 
shown at the top of each spectral component. 
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Although we have selected a particularly simple (and somewhat 

unrealistic) track profile for this example, any profile can be used as long as the 

Fourier transform of the reflectivity profile can be calculated. In this case the 

transform is given by 

Ro = (width/pitch)(rt - ru) + ru 

Rn = (width/pitch)(rt - ru)sinc(1rn(width/pitch» 
(6.11) 

where rt and ru are, respectively, the complex amplitude reflectivities of the tracks 

and unmarked land. 

Assuming that the cross transfer functions for the total aperture scan 

and the left pupil scan have been calculated, the corresponding signals St and sl are 

computed by the application of Eqs. 6.6 and 6.7. The signal coming from the right 

side of the pupil is obtained from Eq. 6.8. Fig. 6.7 is a plot of these signals with 

CHANNEL A corresponding to the right side of the pupil and CHANNEL B 

corresponding to the left. We note that the phase structure of the tracks has caused 

the expected shift between the two channels which will allow a push-pull tracking 

signal to be derived. In the sum signal we see that destructive interference creates a 

dip in the reflected intensity every time a track edge is encountered. The energy is 

lost to the scanning system because it is diffracted out of the collecting aperture. 

The tracks are too narrow for the edges to be clearly resolved but we do see a small 

rise in the signal at the center of each track. 

Fig. 6.8 shows the split detector channels processed to derive an RES 

using the push-pull method. The intensity variation of the total aperture signal 

allows the derivation of a three beam RES although, as can be seen in Fig. 6.9, the 

amplitude is not nearly as great as for the push-pull signal. The apparent contrast of 

the tracks can be improved by increasing the groove depth to >.f 4 so the light 

reflected by the tracks is 1800 out of phase with respect to the light reflected by the 
• 
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Fig. 6.7 Simulation run showing push-pull tracking component signals and sum. Groove 
depth is ),/8. 
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Fig. 6.9 Three beam tracking signals obtained from grooves modelled in FIgS. 6.7 and 6.8. 
The RES amplitude is not as great as for push-pull tracking because the groove 
depth has not been optimized for this method. 
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surrounding "land". The increased contrast results in a stronger three beam RES as 

shown in Fig. 6.10 while the new phase depth makes deriving a push-pull signal 

impossible. 

We will examine more model results later in this chapter when we 

analyze experimental data and discuss design implications. 

Computing The Cross Transfer Function Efficiently 

The most time-consuming step in the tracking simulation is the 

calculation of the cross transfer function. In general, evaluation of the cross transfer 

function requires a two-dimensional integration of the three overlapping pupil 

functions (Fig. 6.11) for each value of m and p. However, for a few special cases of 

particular interest we can derive more efficient computational techniques. 

Uniform Pupil 

When the entrance pupil of the scanning optics is uniformly illuminated 

and the system is free of wavefront aberrations, the one-dimensional transfer 

function can be reduced to a closed-form expression using the circle 

autocorrelation (gamma) and knife-edge (kappa) functions described in Chapter 2. 

The pupil functions Hl and P 2 have the simple form 

H1(x,y) = P2(x,y) = eyler/d) (6.12) 

where d is the pupil diameter. 

The cross transfer function for the total aperture signal is particularly 

easy to calculate. In this case, wherever the cross transfer function is nonzero, the 

three overlapping circles shown in Fig. 6.11 always form an overlap region between 

two of the circles which is totally within the third circle . The area of overlap is 

given by the circle autocorrelation function, and the cross transfer function for this 
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y 
1P2(-X,-y)12 'D(-x,-y) 

x 

~- P;Cx+p,y) 

Fig. 6.11 Integration region for calculating the cross transfer function for the entire exit 
pupil. P 1 and P 1· represent diffracted order~ while pl' 0 represents the active 
area of the detector. . 
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case is 

(Region I) 

for 0< m < cutoff 

and 0 < p < m 

(Regionn) 

for 0< m < cutoff 

and (m-cutoff) < p < 0 

(Region In) 

for -cutoff < m < 0 

and -cutoff < p < m 

(6.13) 

where cutoff is the harmonic number of the optical cutoff frequency given by 

cutoff = d/>..fi (6.14) 

This describes the cross transfer function for the half-plane below the 

diagonal line shown in Fig. 6.12. The other half may be obtained from the 

symmetry relation 

• Cp,m = C m,p 

Computing the split detector cross transfer function requires the use of 

the knife-edge function because one of the circles in Fig. 6.11 becomes a semi

circle (Fig. 6.13) to describe the split detector. The results are given below for the 
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Fig. 6.12 Regions of the cross transfer function obtained from Fig. 6.11. The cross transfer 
function is symmetrical with respect to the diagonal dashed line. 
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Fig. 6.13 Cross transfer function integration region for one element of a split detector. 
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left side of a split detector with the detector division located at Xedge. 

for 0 < p < cutoff 

and p < m < cutoff: 

(a) Cm,p = 1C[(nUfi - Xedge)/d] 

(b) 1(nUfi/d) -1C(xedge/d) 

for 0 < m < cutoff 

and m-cutoff < p < 0: 

(a) Cm,p = lC(nUfi - xedge)/d] 

(b) 1[(m-p)>..fof/d] -1C[(xedge-p>..fot)/d] 

for -cutoff < m < 0 

and -cutoff < p < m: 

(a) Cm,p = IC(-xedge/d) 

(b) 1(p>..fi/d) -tt[(xedge-p>..fot)/d] 

(Regions Ia and Ib» 
if m > 2xedge/ >..fi 

otherwise 

(Regions ITa and lIb) 

if P > 2xedge/ >.fi - m 

otherwise 

(Regions rna and llIb) 

if P > 2xedge/ >..fi 

otherwise 

(6.15) 

Fig. 6.14 maps this function in the m-p plane and displays a behavior 

more complicated than the total aperture case, although the limiting behavior for 

Xedge > d/2 is identical to the total aperture case. 

Gaussian illumination 

If the entrance pupil is not uniformly illuminated, one generally has to 

resort to numerical integration to obtain the cross transfer function. Fortunately, 

the entrance pupil of an optical disk objective is usually illuminated with the 

Gaussian intensity profile of a laser beam. For this form of illumination we use the 
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Fig. 6.14 Regions of the cross transfer function obtained from Fig. 6.13. 
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normal distribution (or erf function) to reduce the problem to a one-dimensional 

numerical integration rather than a two-dimensional one. 

Referring to Eq. 6.3, we note that the HI terms involve the illumination 

profile while the P 2 term is uniform with the exception of a possible phase term if 

aberrations are present. If one assumes that the detector sensitivity D is binary, 

then the P 2 and D terms describe a region of integration for the HI integrands. 

Furthermore, one can break HI into a pupil term, P l' and an illumination term, 

u(x,y): 

HI (x,y) = PI (x,y) . u(x,y) 

where the Gaussian illumination is given by 

u(x,y) = exp[-(x2 + r)/wo 2] 

(6.16) 

(6.17) 

with Wo being the radius at which the illuminating amplitude has dropped to l/e 

times its peak value. 

If no aberrations are present the value of the PI term is binary, and its 

role is to further describe the region of integration in the m-p plane along with the 

P 2 and D terms. For the total aperture cross transfer function this region 

corresponds to the three overlapping circles shown in Fig. 6.11. For a split detector 

the region of integration corresponds to Fig. 6.13. We first turn our attention to the 

integrand 

I(x,y) = u(x + m,y) u(x + p,y) 

m = >.fofm ; p = >.fip 

This can be expanded to yield 

(6.18) 

I(x,y) = exp[-20/wo2] exp[-(m-p)2/2wo2] exp[-2(x + (m+ p)/2)2/wo2] 

(6.19) 

Note that only the last of the three exponential terms varies with x. 



134 

The strategy for evaluating the cross transfer function is as follows. The 

integration regions shown in Figures 6.10 and 6.12 can be divided into narrow strips 

parallel to the x-axis. If we calculate the line integral along the strip boundaries we 

can use the trapezoid rule to numerically complete the integration in the y 

direction. We can use the erf function to obtain a closed form expression for the 

integration in the x direction. Methods for computing the erf function are discussed 

in Chapter 2. If we let I and r be the x values for the left and right integration 

bounds for a particular value of y, then the line integral becomes 

where 

r 
= I I(x,y) dx 

I 

= A 'wo~/8 [erf(JZ(r + (m+p)/2)/wo) 

- erf( v2(1 + (m+ p)/2)/wo)] 

A = exp[-2f/wo2] exp[-(m-p)2/2wo2] 

(6.20) 

The integration is completed by a numerical integration of this result in 

the y direction: 

(6.21) 

where n takes the value of y from the bottom of the region of integration to the top. 

A further reduction in computation is obtained by noting the symmetry with respect 

to the y-axis and carrying out the integration only over the top half of the pupil. It 

should also be noted that this approach is easily adapted to handle rotated 

detectors where the detector split is no longer parallel to the y axis. 

Enhancements To The Basic Tracking Model 

The calculations presented so far have left us with an interesting but 

limited model. We have dealt only with continuous tracks, while the more common 
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case is for the tracks to be modulated by data. We would also like to be able to deal 

with combinations of data tracks and pregrooved servo information. The periodic 

structure modelled up to this point has no first or last track. It would be convenient 

to be able to delete a data track periodically to examine the behavior when 

scanning the first or last track of a group. Finally, we should look at the role 

aberrations can play in tracking performance. 

Some of the enhancements discussed in this section will be compared 

with experimental data gathered on a read/write optical disk test fixture built at 

Storage Technology Corporation (Fig. 6.15). This fixture included an air-bearing 

spindle for mounting 14-inch disks and a prototype of the optical disk head 

developed at STC. The radial position of the optical head was interferometrically 

controlled. Disk mnout was followed using an astigmatic focus servo and a three 

beam radial tracking servo. Push-pull tracking experiments could also be 

performed by reprocessing the quadrant detector signals from the focus servo. The 

readback wavelength was 633 nm using a 0.6 NA objective. A variety of test 

equipment and software was available for calibrating and testing the read/write 

performance of the head and optical media. 

The media used were thin film coated 14-inch aluminum substrates with 

a transparent protective overcoating 17 mils thick. There were no servo pregrooves 

present. Media reflectances for marked and unmarked areas will be expressed as 

detector voltages since an absolute reflectance calibration was not made. 

Reflectances were measured by writing exceptionally wide continuous tracks 

(created by leaving the write beam on and making a slow radial scan over several 

microns) and noting the reflected signals from the marked and unmarked regions. 

Marked areas were brighter than unmarked regions and often showed some phase 

relief. The determination of the amount of phase relief as well as additional 
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Fig. 6.15 Optical disk read/write test fIxture. (Storage Technology Corp.) 
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experimental data verifying the RES model have been described elsewhere 

(DeVore 1986). 

Data-Modulated Tracks 

A successful tracking model must be able to accommodate the data 

patterns that usually modulate optical disk tracks. Since the data modulation 

frequency usually falls beyond the frequency response of the tracking servo, the 

data will not be visible in the RES. We would therefore expect the track reflectivity 

to appear as some sort of average between the marked and unmarked reflectivities. 

This leads to the following approach. The track crossing signals are first calculated 

for continuously written tracks, then calculated for the case when no written tracks 

are present. Both cases may also include pregrooved servo tracks as discussed in 

the following section. The track crossing signals for data modulated tracks are 

taken to be the average of these two cases weighted by the average duty cycle of the 

data marks. 

An examination of the two-dimensional forms of Eqs. 6.2 and 6.3 (Eqs. 

5.8 and 5.9 in Chapter 5) will show that the proposed approach does not account for 

energy lost to the tangential diffraction orders created by the data pattern. 

However, when the mark period is much longer than the scanning spot, the 

diffraction angle of the tangential orders is small and very little energy is diffracted 

out of the system pupil. These long marks may be regarded as quasi-continuous 

tracks where the only averaging between marked and unmarked areas is the result 

of the limited electronic bandwidth of the servo system. In this limit, the signal 

averaging technique described above is an accurate representation. For marks that 

are too small to be resolved by the scanning optics, all of the tangential orders are 

blocked by the exit pupil, and this energy is completely lost to the track crossing 
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signals. The signal averaging approach does not account for this at all. The only way 

to rigorously account for data features is through the use of the more 

computationally intensive model described by Hopkins (1979). However, the signal 

averaging ·approach is surprisingly accurate when used in a tracking model. 

This claim can be qualitatively justified as follows. To be reliably 

detected, data marks must be adequately resolved by the scanning optics. This 

means that the size of the marks must be at least as large as the scanning spot and 

often longer. Furthermore, the data is often written on the same disk drive used to 

read it back, by a writing spot whose dimensions are nearly the same as the read 

spot dimensions. This also supports the claim that the data marks will be clearly 

resolvable by the read spot. As a result, one may expect that the average track 

reflectivity for modulated tracks will tend toward the long mark limit described 

above. 

This conclusion is further justified by the experimental results shown in 

Fig. 6.16. In this experiment, constant frequency tracks were written at a 50% duty 

cycle. Each successive track was written at a higher frequency and the entire 

collection was scanned radially, while the disk was spinning, to examine the effect 

of data frequency on the track crossing signals. In the figure, the track order is 

inverted so the highest frequency track appears on the left side of the figure. The 

third track from the left represents the highest spatial frequency typically used for 

an optical drive with the same numerical aperture as the one employed in this test. 

As expected, as the data frequency increased, the apparent track reflectance 

decreased as more light was diffracted out of the system exit pupil. However, even 

for frequencies well above the data band, the track crossing amplitude was within 

10% of the long mark limit. At the highest frequency commonly used for recording 

data, the amplitude was within 5% of the long mark limit. 
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Fig. 6.16 Track crossing (SUM) signals for a series of tracks written at different 
frequencies. The frequency decreases from left to right, with mark lengths of 0.8, 
1.0, 1.2, 1.6, 2.0, 3.2, and 6.5 urn. 



140 

Data Tracks Combined with Servo Grooves 

The format of optical disks often includes prerecorded servo 

information to guide the tracking servos. This information usually takes the form of 

grooves which are stamped into the media substrate or dust cover. Data is then 

recorded on a thin film active layer, with the data tracks lying either between the 

grooves or inside the grooves. At this point the RES model would be capable of 

simulating the signals resulting from either a scan of just the grooves, or just the 

data tracks, but not from a combination of the two. This deficiency is easily 

remedied. 

The media pre grooving can be described by a pure phase reflectivity 

~=~OO ~~ 

where 4>(x) is the relief profile of the substrate for a reflective surface. Negative 

values of 4>(x) represent depressions. If we assume that the active media layer on 

which the data tracks are written conforms to the substrate relief, then the 

composite reflectivity of both the data tracks and pregrooves is given by the product 

of the two reflectivities 

r '(x) = g(x) . r(x) (6.23) 

where r(x) is the data track reflectivity whose Fourier transform was used in Eqs. 

6.2, 6.5, and 6.6. The spectrum of this composite reflectivity is the convolution of 

the data track spectrum with the spectrum of the grooves 

R' (t) = G(t) * R(t) (6.24) 

where G(t) is the Fourier transform of g(x). For periodic structures the spectra are 

discrete and the composite spectrum is given by 
00 

R' = ~ R G m "n+m n (6.25) 
n=-oo 
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Here, the spectral components Rm and Gn follow the same convention used in Eqs. 

6.5 and 6.6. 

The computational difficulty posed by the infinite sum is avoided if 

either Rm or Gm is bandlimited. In practice this is always the case for both spectra 

since neither the active media layer nor the stamping process are capable of 

producing arbitrarily sharp transitions in either relief or reflectance. This will be 

discussed further under the Pregroove Profile heading. 

Groups of Tracks 

Optical disk tracks are usually placed close enough together that the 

tracking signal might be influenced by adjacent data tracks. This means that we 

may expect to find a different tracking signal for the first and last tracks in a data 

band than we would for tracks in the middle of the band. Provision for this can be 

easily included in the tracking model. 

One way to define a periodic track structure is to define the reflectivity 

profile over one track period or pitch. The periodic reflectivity is obtained by 

convolving the unit cell reflectivity with a comb function having the same period as 

the tracks: 

r(x) = ru + aruc(x) * comb(x/P) I P (6.26) 

where ru is the unmarked reflectivity, P is the track pitch, and aruc is the change in 

reflectivity from the unmarked state over a unit cell whose width is the track pitch. 

The Fourier spectrum of this is 

R(t) = ruo(t) + a~c(t) . comb(Pt) (6.27) 

where aRuc is the spectrum of the unit cell reflectivity. 

We can similarly construct a reflectivity where the location of every 

fourth track is unmarked: 



r4(x) = ru + Aruc(x) * [comb(x/P) - comb(x/4P)/4]/P 

and its spectrum: 

R4(f) ~ rus(f) + A~c(f) . [comb(Pf) - comb(4Pf)] 
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(6.28) 

(6.29) 

This spectrum has the same envelope given by the unit cell spectrum, but in this 

case the frequency domain sampling rate is four times higher than for the case 

where no tracks are skipped. This is because the new reflectivity pattern repeats 

every four tracks instead of every track. An unfortunate consequence of this is that 

the detected signals contain four times as many harmonics below the optically 

determined cutoff frequency, and the cross transfer function must be computed at 

approximately 16 times as many locations as for the case where no tracks are 

skipped. Fortunately, the algorithms described in this chapter are efficient enough 

that typical simulation runs can still be accomplished in under one minute. 

Figures 6.17 and 6.18 compare simulation runs of three track groups 

written at different pitches with experimental data gathered on the STC tester. The 

unmarked media reflectance was 0.5 v while the marked reflectance was 1.7 v. The 

tracks were 0.85 um wide (+ /- 0.05 um) and also showed a phase depth of 

approximately 60°. The tracks were written at a 50% duty cycle and tracked using 

three beam tracking. 

Fig. 6.17 shows tracks written at a 1.4 um pitch. We see that the RES 

peaks at the edges of the group are greater than in the middle. However, tracking 

offsets found at the band edges were negligible (-0.001 urn). Fig. 6.18 shows tracks 

written at a 1.74 um pitch. In this case the track separation was large enough that 

there is very little difference between the signals at the edges and middle of the 

group. Both cases show good agreement between simulated and observed results. 
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Fig. 6.17 Three beam RES for a group of three tracks written at 1.4 um pitch. The top 
photograph shows experimental data corresponding to the simulation run shown 
at bottom. 
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Fig. 6.18 Three beam RES for a group of tracks written at 1.74 urn pitch. Experimental 
and simulated results are shown. 
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Aberrations 

Ideally, optical disk systems should be diffraction-limited. Even small 

amounts of aberration can play significant roles in determining system 

performance. For the sake of efficiency, the tracking model has considered only 

unaberrated systems. This has allowed us to develop reasonably quick algorithms 

for the most time-consuming step in the model: the calculation of the cross transfer 

function. Calculating the cross transfer function in the presence of aberrations will 

require a two dimensional numerical integration of the pupil regions shown in Figs. 

6.11 and 6.13. A careful implementation of the integration is necessary to lessen its 

impact on the speed of the simulation. 

Recall that the cross transfer function, Cm,p' is calculated for a set of 

indices, m and p, corresponding to shifted pairs of the scanner pupil function, 

arising from the orders diffracted by the track structure. Cm,p is the integral of the 

product of the shifted pupils over their overlapping regions that also fallon the 

detector. These shifts are all integer multiples of a single value determined by the 

fundamental period of the disk pattern. 

The numerical integration can be speeded by dividing the pupil into a 

grid where the grid spacing is an integral fraction of the shift positions required to 

calculate the cross transfer function. The phase and amplitude values of the optical 

field illuminating the pupil on the selected grid are stored in an array of complex 

values. To calculate the cross transfer function for a particular set of arguments, m 

and p, one multiplies each array element by the element corresponding to the 

appropriate shift, and adds up the products over the integration region. This 

complex sum approximates the cross transfer function for that set of arguments. 

Time is saved because the pupil shifts always correspond to an integer number of 
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array elements, and the complex pupil function only needs to be evaluated once 

when the array is initially loaded. 

The value of being able to evaluate the effect of aberrations is shown in 

Figs. 6.19 and 6.20. The oscillograph in Fig. 19 shows the signals from both 

channels of a push-pull tracking detector as the read beam scans over a series of 

isolated tracks (track pitch: 3 um). Note that the peak of one channel is always 

higher than the peak of the other. One might suspect that the preamplifier gain is 

higher for that channel. However, examination of the region between the tracks 

shows that both channels show the same unmarked reflectance. This in itself does 

not indicate that the channels are balanced, because a laterally shifted detector 

could cause more light to fall on one side of the detector. Increasing the 

preamplifier gain in the channel receiving less light would then cause the signals 

from the two channels to appear balanced when the beam was over the unmarked 

region, but unbalanced as it crossed over the track. Fig. 6.19 shows a simulation of 

this, created by shifting the detector by 0.04 beam diameters and increasing the 

gain of the diminished channel so it was 1.355 times that of the other channel. The 

simulation shows results similar to the observed data. However, the hypothetical 

channel imbalance required in this scenario is very large and would be easily 

detected during the alignment and testing of the disk tester. It does not seem to be 

a likely explanation for the observed asymmetry. 

Another hypothesis is that asymmetry in the tracking signals may be the 

result of asymmetry in either the track profile or the scanning spot. One likely 

source of spot asymmetry is coma, a common aberration in high numerical aperture 

systems. Fig. 6.20 includes a simulation run showing the predicted tracking signals 

in the presence of 0.25 waves of coma oriented perpendicular to the tracks. The 

result is very similar to the observed signals. While this does not prove that the 
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Fig. 6.19 Asymmetrical push-pull RES signals. The photograph shows experimental 
results, while the simulation shows unbalanced detectcr gains and compensating 
detector misalignment adjusted to obtain results similar to the experiment. The 
conditions used in the simulation were rejected as unlikely because of the large 
detector gain imbalance required to match the experimental results. 
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Fig. 6.20 Simulated push-pull RES signals in the presence of coma. These results also 
~ppear to match the experimental results shown in Fig. 6.19, and the 0.25 waves 
of coma required seemed to be a more likely explanation for the experimental 
results. 
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observed asymmetry was the result of coma, it does indicate ~at a modest amount 

of that aberration could cause the observed effect. 

The above discussion illustrates the kind of detective work that can be 

conducted using a well constructed model. It also brings up another question 

concerning the role of coma in radial tracking servos. Fig. 6.21 shows the RES and 

SUM signals for the same comatic wavefront used in Fig. 6.20. The radial position 

given by the horizontal axis of the simulation corresponds to the paraxial image 

point. Note that the peak in the SUM signal (corresponding to the maximum 

readback signal) no longer occurs when the paraxial image is centered on the track. 

This is because coma causes a shift in the peak intensity of the spot. Does the RES 

lock onto the new maximum? Fig. 6.21 shows that the RES null shifts in the right 

direction, but falls a little short of the desired position. In this case, the peak occurs 

at 0.15 um while the servo lock is 0.09 urn, giving a 0.06 um tracking error. 

Design Discussion 

Now that we have a model capable of simulating the important 

phenomena of tracking servo aptics, we can use it to explore some of the more 

troublesome optical aspects of tracking servo design. This will include evaluating 

the effect of written data patterns on the RES, examining the tolerance on detector 

misalignment, and looking into the effect of different pregroove profiles. 

Data Pattern Effects 
. . 

The presence of written data will generally affect the appearance of the 

RES. Since the data frequency is well beyond the bandwidth of the servo, the 

dependence will not be on the actual data pattern, but on the average duty cycle of 

the written data within the servo bandwidth. In the case of pregrooved media, one 

may note a variation from regions with unwritten tracks to those with written 
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Fig. 6.21 

--RES 

Simulated push-pull RES and SUM signals with coma. These signals were 
obtained from the same simulation run shown in Fig. 6.19 and show an offset due 
to a shift of the comatic spot centroid. 
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tracks. When there is no pregroove, the written data is often the only feature 

available for tracking. The STC disk drive was an example of the latter 

architecture. The STC disk format divided the disk into a number of data bands, 

with each band containing one prewritten home address track. New data was 

written by tracking on the last track written in a particular band, and writing with a 

separate write beam aligned to form a spot one track spacing adjacent to the 

tracking beams. After a track was written, the tracking beam was jumped to the 

newly written track, and the process repeated until the band was filled. A tracking 

system that tracks only on written data is strongly dependent on the duty cycle of 

the data marks. When there is no data, there is no RES. When data is present, the 

RES gain and amplitude is proportional to the data duty cycle (Fig. 6.22). 

A dependance of servo gain on the data pattern is undesirable. It is this 

effect that has led some designers to pursue the sector servo approach described at 

the start of this chapter. If a need for large data capacity or servo bandwidth 

precludes the use of a sector servo, one must minimize the effect of the data 

patterns either by including feedback from the data channel in the tracking servo 

(Ito et al. 1985), or by selecting a disk design that reduces the interference of data 

marks with the pregrooves. The following example will show how the RES model 

can be used to examine a typical problem. 

When a disk is pregrooved, the RES resulting from the pregrooves is 

usually stronger than any additional signal that may arise from written data, but the 

presence of data will still have some effect. Consider a thin film medium whose 

characteristic is an unmarked reflectance of 60% and a marked reflectance of 15%. 

Marking the disk also creates depressions corresponding to a reflected phase of 

45°. If the groove depth is >../8 (for a reflected phase shift of 90°), the total phase 

contrast of the marked areas of the track will be either 135° or 45°, depending on 
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.~ .. , 

Fig. 6.22 Dependance of the RES on the written data duty cycle. This shows the linear 
dependence of the tracking signal when pregrooving is not used. The duty cycles 
shown in this photo are (from left to right) 70%, 60%, 50%, 40%, and 30%. 
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Fig. 6.23 Effect of written data on pregrooved push-pull RES. The solid line corresponds 
to the RES obtained from an unwritten disk. Dashed line shows RES when 50% 
data is written in the groove, while the dotted line shows the case for data written 
on the land (see text for a description of the media reflectance). For this 
example, writing in the groove has less effect on the RES. 
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whether the data is written in the groove or on the land. Fig. 6.23 shows how the 

RES is affected by 50% duty cycle data written in groove or land by comparing it 

with the RES for unmarked groove. In this case it is clear that writing the data in 

the groove is a better choice because the presence of data has less effect on the 

RES. Obviously, if the data marks show greater phase relief, their effect on the 

phase-derived push-pull tracking signal will be greater. 

Detector Misalignment 

Three beam tracking is essentially immune to detector misalignment, as 

long as all of the light from the tracking spots is collected by the appropriate 

detector elements. However, push-pull tracking works by attempting to balance the 

amount of light incident .on the elements of a split detector. Misalignment 

orthogonal to the detector axis disturbs this balance and disrupts the RES by 

L'ltroducing an offset in the RES null (Fig. 6.24). The example shown in the figure 

considers the case of 0.6 urn wide >./8 grooves and shows the displacement of the 

RES for detector shifts corresponding to 0.05 and 0.10 beam diameters. Depending 

on whether the servo locks onto the groove or the land between the grooves, the 

corresponding tracking errors are given in Table 6.2. 

Beam Shift/Beam Diam. 

0.05 

0.10 

RES OFFSET (urn) 
Groove Land 

0.028 

0.057 

-0.041 

-0.083 

Table 6.2. RES tracking offsets due to beam. shift. 
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Fig. 6.24 Effect of detector misalignment on push-pull RES. Shifting the detector causes 
an RES offset. H the detector shift is normalized by the beam diameter, the 
curves shown correspond to shifts of O~ 0.05, and 0.10 beam diameters. 
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This effect may be particularly troublesome if the design of the disk 

drive causes the spot to move on the detector as the tracking actuator moves to 

seek a track or follow the track ronout. This may limit the usable range of the 

tracking actuator or require additional optical components to limit the beam 

motion (Arai et al. 1985, Watabe, Katoh, and Ukita 1985). It might also be possible 

to feed the position of the tracking actuator into the servo loop to compensate for 

the RES offset induced by the actuator position. 

Pregroove Profile 

The rectangular groove profile introduced earlier in this chapter is not 

realistic because actual media crumot support arbitrarily sharp edges. We can think 

of the optical disk grooving process as having a limited frequency response. With 

this in mind, one convenient way to convert the rectangular groove into a more 

realistic profile is by applying a smoothing function (Fig. 6.25). This has the same 

effect as apodizing the frequency spectrum of the groove profile. The RES model 

used a triangular averaging window for smoothing, but we will see that the actual 

form of the window is not very important. The triangular smoothing function makes 

the groove edges piecewise quadratic and produces continuous slopes. When the 

literature addresses the subject of groove profile, it is more common to model a 

trapezoidal groove (bottom of Fig. 6.25), which is equivalent to smoothing a 

rectangular groove with a rectangular averaging window. 

If the halfwidth of the sloped transition region from groove to land is 

taken as t then the smoothing function is 

f(x) = tri(x/t) 

In the frequency domain, this gives a filter of the following form 

F(f) = sinc2(tf) 

(6.30) 

(6.31) 
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Fig. 6.25 Smoothed groove profiles. The top figure shows the rectangular groove profile 
discussed earlier in this chapter. Convolution with a triangular averaging window 
yields a more realistic profile (middle fig.). The bottom figure shows the 
trapezoidal profile often modelled in the literature. Note the difference in the 
definitions of the groove width. 
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which defines a frequency bandwidth, B, at which the value of the filter is 0.5 : 

B = 0.4429/t (6.32) 

One consequence of the smoothing function approach is that the width of the 

groove, W, measured at one half its full depth, remains constant. If the depth of the 

groove is d, the slope of the groove walls is 

0wall = tan-I(2d/t) (6.33) 

If we take typical values of t to be on the order of 0.1 urn, we find that B 

is near 5000 mm-I. Bearing in J,nmd that the RES is derived mainly from the 

interference of the first diffracted orders of the groove corresponding to a 

frequency of 625 mm-I , it should come as no surprise that the smoothing of the 

sharp edges has little effect on the RES (Fig. 6.26). At first, this may seem to be in 

contradiction to studies in the literature showing the effect of the groove wall angle 

on the RES and related signals. However, this is mainly due to a difference in the 

definition of the groove width. The trapezoidal grooves modeled in the literature 

take the widest part of the groove profile as their width (W I in Fig. 6.25), but the 

sloped groove walls decrease the effective width W. The width as defined in the 

RES model can be obtained from the width and slope angle found in the literature 

in the foJlowing manner 

W = W' - d/tano (6.34) 

When this is taken into account, the RES model shows good agreement 

with the literature. Fig. 6.27 compares the model results for the strength and phase 

of the diffracted orders with results reported by Pasman (1985b). Since Pasmap:s 

results are based on vector diffraction theory and show separate curves for both 

polarizations, this figure also provides an indication of the differences between the 
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Fig. 6.26 Effect of groove profile on the push-pull RES. The solid curve shows the RES 
resulting from a rectangular groove profile. Applying a smoothing Window 
(broken curve) has little effect on the track crossing signals. 
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scalar and vector theories of groove diffraction. 

Push-Pull Tracking And Astimatic Focus Detection 

So far, the discussion of push-pull tracking has assumed that the 

tracking detector was at an image of the scanning objective exit pupil. This 

condition is stricter than necessary. In fact, the detector can be placed anywhere 

that the light emitted from one half of the exit pupil can be clearly distinguished 

from the light emerging from the other half. One example of this is the detector 

plane of an astigmatic focus detection system. 

If the rays emerging from the exit pupil are traced through the astigmatic 

optics and onto the detector surface, one finds that the diffracted orders can still be 

clearly distinguished. For a typical cylinder lens orientation of ±.45°, orders that 

appeared on the left and right sides of the exit pupil will now appear at the top and 

bottom of the detector (Fig. 6.28). The RES is then obtained as 

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

(6.35) 
A+B+C+D 

Small amounts of defocus (or other aberrations) will distort this mapping, but the 

diffracted orders will generally remain confined to the top and bottom halves of the 

detectors so the RES will be unaffected. Studies conducted by the author at STC 

showed no difference between the RES obtained in this manner and an RES 

obtained from a detector in the exit pupil. In fact, all of the push-pull tracking data 

presented in this chapter was obtained from a detector at the astigmatic blur plane. 

The presence of a tracking signal on the same detector used to detect 

focus error implies that it is por-sible for the track crossings to intrude on the focus 

signal. We now see that this is due to an uneven redistribution of the light in the 

exit pupil caused by the diffracted orders. The diffraction theory developed here 
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FOCUS 0.00 UIt 

H2O 0.000 w 

W40 0.000 w 

Fa -0.0005 

A 0.2284 
B 0.2284 
C D.2289 
ijo 0.2284 

FOCUS -1.00 UIt 

waD -0.284 w 

NolO 0.000 w 

FES -0.1725 

A 0.1917 
B 0.1917 
C 0.2719 
D 0.2714 

Ray trace of diffracted orders on an astigmatic focus detector. The top figure 
shows the apparent 90° rotation of the orders caused by the cylinder lens at 45°. 
Moving 1 um out of focus distorts the spot and orders, but the diffracted energy 
is still confined to the top and bottom halves of the detector, so the push-pull 
RES derived here remains identical to the case of an exit pupil detector. 
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and in the previous chapter gives us the tools necessary to evaluate this effect. 

Examining the layout of the diffracted orders on the focus detector (Fig. 6.28), we 

see that when the detector is centered on the astigmatic blur, symmetry dictates 

that the detectors A + B see the same track modulated signal as C+ D. Therefore, 

any modulation is cancelled in the numerator of the FES (Eq. 3.1) and there is no 

interference for the nominal case. However, aberrations and misalignments always 

destroy this symmetry to some degree. Some method is needed to evaluate the 

severity of this effect. 

It would not be difficult to develop cross transfer functions to calculate 

signals from the four elements of a quadrant detector instead of the two elements 

of a split detector presented in this chapter. These cross transfer functions would 

reflect the aberrations and detector misalignment. By processing these signals using 

the FES algorithm, we could determine the amplitude of the track crossing 

disturbance found in the FES when the servo is in focus. This approach would also 

be useful for investigating other focus detection methods that derive an error signal 

from distinct regions of the exit pupil, such as the critical angle prism method. We 

will not carry this calculation out here, but we can present some qualitative 

arguments for evaluating the role of detector misalignment and track structures. 

A simplified view of the detector plane intensity will be used in this 

discussion. We will assume that only the first orders are present on the detector, 

that the pupil is uniformly illuminated, and that the interference intensity of the 

overlapping orders is either completely in phase or 1800 out of phase. The former 

case applies to >./8 grooves designed for push-pull tracking, while the latter reflects 

either >./4 grooves or amplitude modulated media with no phase relief. 
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When the detector is centered, the areas of the interference regions on 

the detector elements are the same, and will be normalized to unity for this 

analysis. The signals from the elements are given by 

A = DCA.±. a . cos27rx/P 

B = DCB + a . cos27rx/P 

C = DCC + a . cos27rx/P 

D = nco ± a . cos27rx/P 

(6.36) 

where x is the position of the scanning spot relative to tracks of pitch P, and a is the 

strength of the modulated signal, determined by the amplitude of the diffracted 

orders and the area of the interference region. For the A and D signals, the 

modulated term is added when the interference is in phase and subtracted when 

out of phase. Each signal also has a DC component, all of which have the same 

value when the detector is centered. 

We will first consider the case where the detector is translated in the 

plane containing the optical axis and the centers of the diffracted orders. If the 

detector is shifted as shown at the top of Fig. 6.29, the interference regions of 

elements A and D grow smaller by an amount dA, while the regions of elements B 

and C grow larger by the same amount. The detected signals now become 

A = DCA±a' (l-dA)' cos27rx/P 

B = DCB + a . (l±dA) . cos27rx/P 

C = DCc + a . (l±dA) . cos27rx/P 

D = DCD ± a . (l-dA) . cos27rx/P 

(6.37) 

The DC terms have also been affected by the shift, but we still have DCA = DCc 
and DCB = DCD• In this case, (A+B) = (C+D) and the FES is still unaffected by 

the track crossings. 
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A o 

c B 

VERTICAL DISPLACEMENT 

A o 

c B 

HORIZONTAL DISPLACEMENT 

.fig. 6.29 Tracking/focus crosstalk induced by detector misalignment. Shifting the detector 
disturbs the balance of the diffracted orders on the detector quadrants. In some 
cases, this may cause a disturbance similar to the RES to appear in the FES. 
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Shifting the detector in the orthogonal direction has a different effect 

(also Fig. 6.29). In this case the signals become 

A = DCA ±. a' (1-dA)' cos211'x/P 

B = DCB + a . (1 + dA) . cos21fx/P 

C = DCc + a' (1-dA)' cos211'x/P 

D = DCn ±. a . (1 + dA) . cos211'x/P 

(6.38) 

From this it is clear that when the interference is in phase, the FES is also 

unaffected by the track crossings, but when the interference is out of phase the FES 

becomes 

4adAcos21fX/P 
FES = -------------------- = dA' RES (6.39) 

A+B+C+D 

The tracking signal thus intrudes upon the focus signal to an extent proportional to 

the area imbalance of the interference regions on the detector elements, and to the 

strength of the push-pull RES. We have thus found that detector alignment can be 

one cause of this tracking/focus crosstalk, and can also infer that it might be used 

to balance crosstalk introduced by other sources. We can also see that the degree to 

which this crosstalk is likely to be a problem depends on the strength of the push

pull tracking signal that could be derived from a particular medi format. 

Summary and Possible Extensions 

In this chapter we have shown that scalar diffraction theory is a 

sufficient basis for modelling optical disk readback phenomena due to data tracks 

and pregrooves. The cross transfer function approach developed for scanning 

microscopy has proven versatile enough to model all of the major tracking methods 

in use today. For the cases of nonaberrated pupils with either uniform. or Gaussian 
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illumination we have developed efficient modelling methods that yield results in a 

few seconds using common desktop computers. Aberrated pupils require a little 

more time, but results can still be obtained in less than a minute. 

Some extensions of the model presented here are obvious and require 

little additional work. One of these would be addiIig the ability to rotate the 

detector axis for push-pull tracking. Another is developing cross transfer functions 

for all four elements of a quadrant detector so the effect of track crossings on focus 

error signals can be evaluated. A more ambitious undertaking would be the 

addition of vector diffraction theory to calculate the strengths and phases of the 

orders diffracted by the track structure. This would improve the accuracy of the 

model in those cases (discussed in Chapter 5) when the scalar theory does not 

adequately predict the diffraction properties of the tracks. If the resulting track 

spectra were polarization dependent, the incident beam would have to be 

decomposed into two polarization states (parallel and perpendicular to the tracks). 

The resulting signals from each polarization would then be calculated separately 

and the results added. 



CHAPTER SEVEN 

CONCLUSIONS 

The purpose of this dissertation was to develop and verify computer 

simulation techniques for modelling optical disk drive functions, concentrating on 

the servo control systems. One problem with many numerical simulations is that 

they are too complex. In an effort to reduce the number of approximations, models 

have been developed which require large computers and significant amounts of 

time to achieve results. This discourages the use of these models and inhibits the 

development of intuition regarding the physical processes involved. The approach 

used here was to develop models at the theoretical level appropriate to the 

problem being studied. Approximations were carefully assessed and used whenever 

they could be safely applied to improve computational efficiency without 

significantly degrading the accuracy of the result. Experimental data were gathered 

whenever possible to verify the accuracy of the models. The utility of the models 

was also explored by applying them to specific focus and tracking servo problems. 

In developing the computer models, we examined th~ usage of 

geometrical optics, scalar diffraction theory, and vector diffraction theory. These 

methods represelJt a hierarchy of computational difficulty and completeness. We 

can summarize the role~ of each level as follows: 

1.) Geometrical optics or ray-tracing is the simplest level of 

approximation, but it is often sufficient for modelling the basic behavior of focus 

servo optics where the disk is treated as a featureless reflecting object. In some 

168 
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cases (such as when a critical angle prism is used) the geometrical trace may have 

to be supplemented to account for additional phenomena (such as reflection 

coefficients) important to the process being studied. The computational economy 

of this method makes its use desirable whenever possible. In exploring the behavior 

of simply astigmatic systems, we found that the properties of the system could be 

completely represented by tracing two skew paraxial rays. The ray tracing approach 

also makes it easy to model the misalignment effects of individual components in 

the o?tical path. 

Using the wavefront aberrations to calculate spot diagrams is another 

aspect of geometrical optics that is useful for calculating detector illumination 

when the detector is located far from a focus~ In this work it was used to determine 

how the focus error signal is effected by scanning beam aberrations. 

2.) Scalar diffraction theory covers most of the phenomena dealing with 

spot formation and disk readback, and often represents the most practical 

approach for studying problems in these areas. In calculating the electrical energy 

density near the focus (important for determining the marking properties of the 

disk drive), the scalar theory gives results that are nearly indistinguishable from the 

more complete vector theory at numerical apertures of 0.5 or less. Even at larger 

NAs, the deviations from the vector theory are small, particularly for the common 

cases of circular polarization and Gaussian illumination. 

The readback problem deals with the interaction of the scanning beam 

with the disk marks, and it is in this area that the application of the scalar theory 

becomes more dubious. The approach taken here was to apply the cross transfer 

function theory developed for optical microscopy. The diffraction of light by objects 

whose size is near the wavelength is best explained using a vector diffraction theory. 

However, as a practical matter, it was found that the scalar theory gave adequate 
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results, particularly when the disk surface was imbedded in a higher index medium 

than air and was not made of a conductive material. Examples of the success of the 

scalar theory can be seen in the experimental results presented in Chapter 6 in 

conjunction with the radial error sign~l model. 

3.} The vector diffraction theory is by far the most complex, and it has 

not been completely applied to the general readback problem at this time. It has 

been shown to yield more complete results in the spot formation problem where it 

predicts a growing ellipticity of focal plane electrical energy density contours for 

linearly polarized li~t, as the numerical aperture increases. However, this level of 

detail only becomes important for numerical apertures beyond the range of most 

optical disk systems, or in cases where a detailed knowledge of the focal plane 

polarization is needed. 

The main application of the vector theory is in calculating the 

diffraction of the scanning beam by the small disk marks. Although the direction of 

the diffracted orders is the same as predicted by the scalar theory, in some cases the 

relative strengths and phases are different. This suggests that the vector theory 

might be useful in providing a more accurate representation of the diffracted 

orders for use with the cross transfer function calculated under the simpler scalar 

theory. 

The models developed using these methods were efficient enOl~gh to be 

implemented on desktop computers and often provided results after a few seconds 

of computation. By applying these models we were able to develop useful 

alignment diagnostics and methods for focus detection systems, set alignment 

tolerances, and examine the effects of aberrations on. the error signals. We often 

found that the servo systems provide at le,ast partial compensation for aberrations. 
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The models were complete enough that they were able to support hypotheses 

explaining complicated behavior such as asymmetries in push-pull tracking signals 

and the PES quadrant detector signals arising from misaligned optics. Although not 

fully worked out here, the development of the tracking model also pointed the way 

to further research into the interaction of track crossings with the focus error signal. 
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