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ABSTRACT 

Theoretical and experimental techniques are devel

oped to study three common approaches to focus error signal 

generation for optical data storage applications. Spe

cifically, the astigmatic, obstruction knife edge (a.k.a. 

shaded aperture), and critical angle prism systems are 

studied. These techniques are then applied to a new focus 

detection system, based on a lateral shearing inter

ferometer, developed by this author. The sensitivity of a 

given optical system to the primary design point, alignment 

errors, aberrations and optical recording medium topology 

are presented. A new approach to constructing the focus 

error signal for the astigmatic and interferometric tech

niques is presented which greatly reduces the alignment 

sensitivity. 

xx 



CHAPTER ONE 

INTRODUCTION 

For more than 25 years, the data processing commu

nity has witnessed great strides in the ability to store 

information using the magnetic properties of matter. Im

provements in storage density are primarily attributed to 

reducing the separation between the magnetic transducer and 

the recording medium, resulting in severe mechanical and 

environmental constraints at this interface. Optical stor

age, a new technology, is emerging and promises to continue 

the gains in data storage density without the constraints 

inherent in conventional magnetic recording (Rodriquez, 

1983). One facet of this new technology is the need of a 

scheme to dynamically maintain the proper focus of the op

tical system relative to the recording medium (Bartolini, 

Bell, Flory, Lurie, and Spong, 1978). The purpose of this 

work is to analyze the relative attributes of the more 

popular focus control techniques and introduce a new tech

nique developed by this author. 

Optical storage is based on producing one microme

ter diameter marks in a suitable medium with one optical 

power level (about 10-15 mw) and subsequently detecting the 

I 
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presence of the marks with a lower power level (1-3 mw). 

Future systems promise to allow the erasure of these fea

tures as well (Bell, 1983). Information may then be en

coded, for example, by the presence and absence of marks 

(Tarzaiski, 1983). Various forms of this technology have 

recently been introduced nuch as the video disk, audio 

disk, compact disk-read only memory (CD-ROM), and the write 

once read many (WORM) times memory (Malloy, 1986). 

The active medium is deposited on a disk which is 

rotated with respect to the recording/reading optics to 

promote the rapid access and detection of information 

(Fujitani, 1984). This disk is constructed such that the 

active medium is protected by a transparent substrate 

typically 1.2 mm thick. Depending on the substrate mate

rial, optical disks tend to have features which cause the 

recording surface to vary axially as much as 1 mm over one 

revolution to tens of micrometers over fractions of a 

revolution (Lou, Marinez, and Stanton, 1984). 

For typical optical storage systems, the axial re

gion over which the beam maintains an appropriate diameter 

(i.e., so as not to degrade the system performance) is 

about 1 micrometer (Bouwhuis, Bratt, Huijser, Pasman, Van 

Rosmale, and Schouhamer, 1985). Thus given the above media 

axial variations, the optical storage system must respond 

to maintain the residual focus error to within 1 micrometer 
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(focus error in this context is the axial distance from the 

active medium to the ideal focal point). 

The basic elements of an optical storage system are 

depicted in Figure 1. The light source of choice is the 

GaAs laser due to its efficiency, cost, size and ease of 

modulation as compared to the more traditional gas lasers. 

Drawbacks to the diode lasers include: an output wave

length in the infrared and the emitted field being very di

vergent and elliptically distributed (Niina, 1986). To 

control the field emitted, a lens of about a 0.5 numerical 

aperture (N.A.) is used to collimate the beam. The result

ing energy distribution is then made circular by using ad

ditional components such as cylindrical optics or prisms 

(Kuntz, 1984). 

As shown in Figure 1, the collimated, circularized 

beam is then passed through a beam splitter to the final 

objective lens. It is the axial position of this objec

tive, relative to the recording medium which must be main

tained to within 1 micr.ometer. This arrangement will di

rect the incident beam to the disk and direct the reflected 

beam to the region labeled "detection." The "detection" 

region consists of the various components which act on the 

reflected beam to assess the focus error, the tracking er

ror, and the data signal. To facilitate the generation of 

a tracking error signal, some optical disks are produced so 

-,------- --------
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Figure 1. The optical path of a typical optical 
storage device. 
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that the active medium resides on a grooved structure. 

These grooves are typically an eighth of the wavelength of 

the reading beam deep (Murakami, 1984). The influence of 

these grooves on the focus error signal is one of the many 

problems that this work will address. 

Focus Servo Control Basics 

5 

There are basically three major functions in a fo

cus control subsystem (Figure 2). The region denoted as 

focus error sensor involves some means in which an error 

signal is generated which relates, over some range~ to the 

amount of focus error present. The output of this section 

is termed the focus error signal (FES). The next section 

is the control electronics which respond to the FES and 

produce an adequate drive current to control the focal po

sition of the optical system. The final section usually 

consists of an objective lens mounted in an actuating sys

tem which moves the lens axially in response to an applied 

current (Niven, 1983). This work will address the block of 

the subsystem responsible for the generation of the FES. 

All of the FES generation schemes studied here rely 

on the following property of the optical system (Figure 3). 

If the objective lens is illuminated with a collimated beam 

of light and the disk is in focus, the reflected beam, af

ter passing through the objective lens, will also be col-

limated. If, however, the disk is either too far or too 
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Figure 2. Block diagram of a focus control system. 

6 



OPTICAL 
STORAGE 
MEDIA FOCUSING OBJECTI\/E 

IN FOCUS 

DISK TOO CLOSE 

DISK TOO FAR 

7 

Figure 3. Demonstration of the relationship of the beam 
reflected from the recording surface for different amounts 
of focus error. 
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close to the objective lens, the return beam will either be 

convergent or divergent, respectively. The purpose of the 

FES generation scheme is to convert this change in collima

tion of the reflected beam into an electrical signal ca

pable of being used by the focus control system. 

Typical focus error signals (FES) are pictured in 

Figure 4, demonstrating the relationship of signal to focus 

error. The following characteristics of the FES are the 

parameters used to compare the advantages and disadvantages 

of each scheme. 

Point A in Figure 4 represents the slope, or sen

sitivity of the signal at the ideal disk position (zero fo

cus error). The next parameter of interest (Region B in 

Figure 4) is the range over which the FES is approximately 

linear. [Linearity in this context will be measured by 

fitting a line with a least squares technique over a region 

corresponding to ± 2 micrometers of focus error. The 

"goodness" of fit will be measured by determining the .. stan

dard, coefficient of correlation (Swartz, 1983)J. Region C 

is termed the "lock on" range and represents the symmetric 

region of space surrounding the desired disk position (zero 

focus error) where the slope of the FES maintains the same 

sign. 

Depending on the system characteristics, the FES 

may not be zero when the system is in best focus. The 
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Figure 4. Typical focus error signals (FES). 
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resulting focus error, assuming the servo system will main

tain the FES at zero, is termed the offset. Thus a measure 

of the effect of various system perturbations on the FES 

will be this residual offset. When an offset is present, 

we will assume that the system will be electronically cor

rected (usually by introducing an electrical offset into 

the servo loop). Thus the slope, linearity, and lock on 

range will be measured with respect to the corrected sig

nal. 

As will be shown, typical FES generation systems 

include a detector composed of a number of individual 

cells. The signal from each of these cells are then com

bined to form the FES. Typically, the shot noise limited 

signal to noise ratio for the FES is so large that it is 

not considered as a design parameter. Rather, one consid

ers the induced offset of the FES as a result of uncorrela

ted detector cell signal fluctuations (Treves and 

Bloomberg, 1986). We will use the relative signal fluc

tuation a at a given detector element, that will result in 

a 0.1 micrometer focus offset as a figure of merit. The 

following development will demonstrate how a is related to 

the slope of the FES and the induced FES offset. 

Generally the FES is generated by evaluating an ex

pression such as: 
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(A+B)-(C+D) 
FES = Eq. 1 

A+B+C+D 

where A, B, C, D represent the signal at a given detector 

element. Thus, the FES is unitless and represents an ef-

fective contrast between appropriate detector cells. If we 

assume that there is some uncorrelated disturbance at each 

element of maximum value (6), then the above equation be-

comes: 

FES = Eq. 2 

It follows that when the system is near focus, the average 

value of each signal is equal (i.e., A=B=C=D). From the 

above expression, the maximum signal offset l AFES, is: 

46 1 1 
t.FES = = 

4A-46 A/6-1 
= 

l/a-l 
Eq. 3 

Now, given the slope m (contrast units per micrometer) of 

the FES near best focus, and the effective focus offset t.E, 

then it follows that: 

1 
a= Eq. 4 

1/mt.E +1 

For the work here, we will set t.E=O.l micrometers and 

evaluate how a is affected by various system perturbations. 

Depending on the alignment of the various systems, 

the presence of the eighth wave tracks may affect the FES 

severely (Yamamoto and Hiroo, 1986). The measure of the 
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influence of tracks on the FES will be the effective peak

to-peak focus error generated as the track is translated 

across the focused spot. This parameter will be referred 

to as the "feedthru." 

FES Generation 

A perusal of the literature reveals limited 

analysis of the various schemes used for FES generation in 

optical storage applications. A number of early technical 

articles provided a review of the various techniques 

(Bouwhuis and Bratt, 1978) (Johnson, 1979). Subsequently, 

there has been a small number of papers that have begun to 

approach the problem in a more analytical fashion (Cohen, 

Wing Ho, Ludeke, and Lewkowicz, 1984). As a result of this 

literature study, it was decided to embark on an investiga

tion of three techniques that have found popularity as wit

nessed by their adoption into currently announced optical 

storage products. These techniques are termed the astig

matic scheme (Bricot and Claude, 1977), the knife edge 

scheme (Boonstra and Antonius, 1983), and the critical 

angle prism (CAP) scheme (Ito and Musha, 1983). This study 

will conclude with an investigation of a recently ir.vented 

scheme based on the properties of a lateral shearing 

interferometer (LSI) (Cohen, 1986). 
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Astigmatic Technique 

Placing an astigmatic system in the return beam of 

the optical path results in the energy distribution as de

picted in Figure 5. Consider a plane, PI, at the medial 

region of the system when the disk is in focus. As the 

disk moves too close to the focusing objective, the 

irradiance at Pl will become elliptical with a horizontal 

major axis. When the disk moves too far from the focusing 

objective, the major axis of the elliptical distribution 

will become vertical. By placing a detector composed of 

separate quadrants at PI (Figure 5), suitably oriented, and 

adding and subtracting the appropriate cells, a FES will be 

generated. The type of parameters that will be studied for 

this system include the effect of the initial circularity 

of the incident beam, the amount of astigmatism, the amount 

of quadrant detector misalignment, and the effects of dif

fraction by the apertures in the system. 

Knife Edge Technique 

Figure 6 demonstrates the resulting irradiance near 

the focus of a partially obstructed positive lens placed in 

the return beam. With the disk in focus, a detector con

sisting of two individual detecting areas is placed at the 

focus of the positive lens and adjusted so that there is 

equal light on both halves of the detector. As the disk 

moves through focus, either the top or the bottom half of 
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Figure 5. Basic configuration of the use of an astig
matic system for focus error signal generation. 
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Figure 6. Basic configuration of the use of a po~itive 
lens and knife edge to generate the focus error slgnal. 
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the detector is more illuminated. By taking the differ

ences between the two detector signals, a FES is generated. 

Among the parameters to be studied here include the sensi

tivity of the FES to the orientation of the knife edge and 

the size of the gap between the two halves of the detector. 

critical Angle Prism (CAP) Technique 

The critical angle prism (CAP) technique exploits 

the properties of reflection near the critical angle. The 

basic approach is demonstrated in Figure 7, although 

variations of this scheme to improve sensitivity have been 

achieved (Ito, et al., 1983). As previously described, the 

return beam is either convergent, collimated, or divergent 

upon passing back through the objective lens. If the col

limated beam is introduced just at the critical angle by 

use of a prism arrangement (Figure 7) then the complete 

beam will be reflected. If, however, the beam is either 

divergent or convergent, only the bottom or the top half of 

the beam will be reflected, respectively. Thus, by placing 

a bi-cell detector just after the prism and subtracting the 

signals from each cell, a FES is generated. 

Lateral Shearing Interferometer (LSI) Technique 

The final scheme to be investigated relies on the 

effects of a lateral shearing interferometer (LSI) as de

scribed by Malacara (1978). A device is introduced into the 
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Figure 7. The use of a prism operating near the critical 
angle for error signal generation. 
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return beam which causes an interference. pattern with the 

following properties (Figure 8). When the disk is in fo-

cus, the return beam is collimated and the fringe pattern 

is horizontal. As the disk moves either too far or too 

18 

close to the objective lens, the fringe pattern rotates 

clockwise or counterclockwise, respectively. By using a 

quadrant detector (as depicted in Figure 8) the rotation of 

the fringe pattern can be detected, and thus generate a 

FES. 

Analysis Strategy 

The analysis of optical systems can be performed in 

many ways depending on the information required and the 

system design. The first theory in the hierarchy of 

analysis techniques is a paraxial ray trace. As the ray 

angles in the system become large, an exact ray trace is 

required (Hecht and Zajac, 1974). When dealing with inten-

sity distributions that are not uniform in nature such as 

laser beams, which tend to have a Gaussian intensity dis-

tribution, further theories are required. The Gaussian 

beam equations which describe the propagation of such beams 

through systems have been well established (nickson, 1970) 

but further complex analysis is required when obstructions 

(Holmes, Korka, and Avizonis) and aberrations are encoun-

tered (Arimoto, 1972). 
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Figure 8. Focus error signal generation using the effects 
of a lateral shearing interferometer. 

,..-:--=-~ -------- --------



20 

The next approach is to apply the. scalar diffrac

tion theory which treats the propagation of light through a 

system as a scalar field. This theory addresses all of the 

problems mentioned above, but tends to break down when the 

size of objects in the system approach the wavelength of 

radiation in the system. Also, the applicability of the 

scalar model is limited when the numerical aperture of the 

system is larger than 0.5 (Gaskill, 1978). The final model 

to be considered for optical system analysis is the vector 

diffraction model which treats the propagation of light 

through the system as a classical electromagnetic field 

(Jackson, 1962). 

As previously described, the figures of merit for a 

given signal are: 

1. FES slope through best focus. 

2. FES linearity within a region +-2 micrometers of 

best focus. 

3. FES symmetric "lock on" range about best 

focus. 

4. Residual FES offset. 

5. Relative signal fluctuation at a detector that 

results in an effective focus offset of 0.1 

micrometers. 

6. Peak-to-peak effective focus error from the 

presence of tracks (1/ feedthru") . 
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The analysis will proceed along the lines of assuming a 

system is ideally aligned and determining the above figures 

of merit for given system perturbations. 

Dissertation Organization 

The following chapter will develop the theories 

that were used to analyze the various optical paths. Chap

ter 3 will describe the laboratory techniques that were 

used to test the various predictions of the computer model

ing. Chapters 4-7 will present the results of the analysis 

of the astigmatic system, knife edge system, the critical 

angle prism (CAP) system, and the lateral shearing 

interferometer (LSI) system, respectively. Chapter 8 will 

be a potpourri of topics that resulted from the work in the 

earlier chapters. In particular, Chapter 8 will include 

discussions on a new FES algorithm for the astigmatic and 

LSI techniques, vector diffraction calculations, and addi

tional studies into the "feedthru" phenomena. Finally, 

Chapter 9 will summarize this work with a comparison of the 

focus error signal generation techniques presented. 



CHAPTER TWO 

ANALYTICAL AND NUMERICAL MODELING STRATEGY 

The purpose of describing each scheme with a math

ematical model is to allow the exploration of the many 

variables that enter into a design. Without the model, 

very time consuming experiments would need to be performed 

for each scheme. Once the model is validated it becomes a 

design tool which aids in providing the basic layout and 

associated tolerances for a given system. 

As mentioned in Chapter One, the hierarchy of 

theories available to model a given system are ray tracing, 

Gaussian beam propagation, scalar diffraction, and vector 

diffraction. Although this work will draw upon all four of 

these theories, the scalar diffraction approach was chosen 

to be the basis for this work since it is the first theory 

in the hierarchy that is general enough to model all of the 

FES schemes presented here. The vector model is capable of 

providing the same information as the scalar model but by 

treating the electric field as a vector, the results are 

more accurate. This point is currently being addressed by 

others in this field and comparisons will be made to the 

scalar model in later chapters. The main deterrent from 
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using the vector model is that it requires considerably 

more computation time. 
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This chapter will develop the various models previ

ously discussed as they apply to FES generation. In later 

chapters, further analysis will be added as the specifics 

of each scheme are included. The following are the conven

tions and assumptions that will be used in developing the 

models: 

1. The optical path will always be unfolded 

with the positive "z" axis pointing toward the 

final detector. 

2. Each FES scheme will involve taking the 

difference of signals from a number of detectors. 

Thus, the actual signal for this work is defined 

to be the appropriate difference divided by the 

sum of the signals at each detector. 

Ray Tracing Development 

Unfolding the optical path relevant to FES gen

eration, the reflective optical storage media can be stud

ied as a transmissive device (Figure 9). The optical sys

tem is modeled as consisting of two identical objective 

lenses, LO and L'O. Assuming the incoming beam is per

fectly collimated, LO will produce a point image at fO 

(i.e. at the focal point of LO). L'O then treats the point 

formed by LO as an object and forms an image of it. 
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Figure 9. Effective path for an optical storage system as 
modeled in this work. 
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Continuing down the path, a given system for FES generation 

is encountered which then further acts on the image formed 

by L'O. For the sake of illustration, consider that an ad

ditional "perfect" lens, Llt is placed some distance, S, 

from L'O. Ll forms a final image of the original point 

formed by L'O. Figure 9 demonstrates that when the disk is 

in focus, the point is imaged at the focal point, f
l

, of 

the final lens. When the disk moves out of focus a dis-

tance of ~Z the result is that the point with respect to 

L'O will appear to have been displaced by 2~Z (Figure 10). 

The result of this object shift will then be manifested by 

a shift of the final image. It can be shown, using basic 

ray tracing equations, that the position of the final im-

age, I fl , as measured from f
l

, is 

1 
Eq. 5 

If the separation of the lenses is chosen to be fO+f1' mak

ing the system afoca1, Equation 5 reduces to: 

I = _ (f 1) 2 ( 2~ Z ) 
f1 f 

o 
Eq. 6 

Thus from a geometric point of view, for small axial dis-

placements of the disk, the final ray distribution trans-

lates axially at a rate given by Equation 6. 
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Figure 10. Depiction of the effect of a given disk defocus 
on the apparent reflected image source. 
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Gaussian Beam Development 

A ray tracing point of view provides some insight 

into the characteristics of a given FES generation scheme. 

To determine the magnitude of the signal as well as the ef-

fects of such factors as detector offsets and gap widths, 

the actual energy distribution at the detector must be 

known. One approach to finding the detector irradiance is 

through the use of Gaussian beam analysis. 

The propagation of Gaussian beams through optical 

systems has been studied extensively since the advent of 

the laser (Yariv, 1985). For optical storage systems, the 

light source is a laser, thus we can apply the Gaussian 

beam results. A Gaussian beam is described by an 

irradiance distribution I(x,y), given by: 

Eq. 7 

where 10 is the irradiance on axis, and w , ware 1/e2 rax y 

dii along the x and y axes, respectively. Since Equation 7 

is separable, many inherently two-dimensional problems, 

such as the astigmatic technique, may be addressed as two 

independent one-dimensional problems. 

The general layout for the optical system from a 

Gaussian beam point of view is depicted in Figure 11. The 

beam size, WI' at fO' is approximately given by: 
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Figure 11. Details of the relevant planes as used in the 
Gaussian beam model. 
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Eq. 8 

Where Wo is the incident beam radius at LO' and A is the 

wavelength of the radiation. It can be shown that the 

waist w3 ' formed by Ll , is located a distance of 6z from fl 

given by: 

6z 

where: 

'¥ = 

nw 2 
1 

A 

f 2 
o 

Z2
Rl 

+ (2D.z)2 

Furthermore, W3 is given by: 

Eq. 9 

Eq. 10 

In the limit that the system is afocal, the above equations 

reduce to the following simple results: 

dZ = - (f~OJ (2~Z) Eq. 11 
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Eq. 12 

Thus, like the geometric case, as the disk moves axially, 

the Gaussian intensity moves axially at a rate equivalent 

to the longitudinal magnification, and W3 does not change. 

For example, if Ll is replaced with an astigmatic 

system such that the axes of the astigmatism is along the 

system axes, as previously mentioned, the problem becomes 

one of two independent one-dimensional problems. As will 

be shown by solving the above equations for the "x-z" and 

"y-z" planes, the optimum location of the detector, the 

beam size at the detector for any given disk position, and 

finally the magnitude of the FES, can be predicted. 

The Gau8sian beam approach may be used to investi

gate the properties of the optical system such as detector 

offsets, astigmatic ranges, and input beam ellipticity. 

However, when apertures, disk features, and aberrations are 

introduced into the system, the Gaussian beam techniques 

are limited. 

Scalar Diffraction Technique 

The scalar diffraction technique, like the above 

approaches, provides an approximation to the behavior of 

the optical system. Optical disk systems are generally 

configured with at least a 0.5 N.A. objective lens and the 



31 

disks are constructed with features of dimensions typically 

on the order of one wavelength. These two characteristics 

violate some constraints of the scalar theory. However, as 

will be made evident by this work, the scalar theory does 

reasonably predict the performance:>f the FES systems. 

Jipson and Williams (1983) also applied the scalar model to 

the optical storage system with success. 

The approach for this work is that of the scalar 

theory which, as depicted in Figure 12, relates the field 

in plane Z to the field in plane Zo as: 

Eq. 13 

where: 

X,Y,Z are the coordinates in plane Z 

2n 
Q= 

A 

r = «X
O

-X)2 + (YO - y)2 + (ZO _ Z)2)l/2 

Equation 13 can be cast in a slightly different 

form by appropriate manipulation and approximations. This 

results in the diffraction process being described as a 

Fourier transform of the product of the field in plane Z 
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10 

Figure 12. Geometry for the basis of the scalar diffrac
tion model. 



33 

and an appropriate quadratic phase factor (Gaskill, 1978). 

This result allows the propagation of light to be analyzed 

by numerical techniques with the help of the fast Fourier 

transform (Brigham, 1974). 

Figure 13 depicts the unfolded optical system with 

the intermediate planes identified. At plane I, the field 

E1 is described by an elliptic Gaussian distribution and 

multiplied by the aperture of the system. This will allow 

the study of beam ellipticity and truncation in the system. 

Thus E1 is: 

= I expf2(' x2 1 
a \v2 

x 

where CYL is the aperture function of radii rx and ry along 

the x and y axes, respectively. The variables Xn ' Yn , re

fer to the coordinates in the "nth" plane. The field E1 

is then transmitted through the objective, La, resulting in 

+ the field E1 : 

(X1 'Y1)exp Eq. 15 

+ El then propagates to the disk which in general is not in 

focus. Using Equation 13 it can be shown the field at the 

disk, E2-, is given by: 
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Figure 13. Specific location of the planes of interest 
for the scalar diffraction calculation. 
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Eq. 16 

with, 

~ = n= 

where ~z is the distance of the disk to focus. FF repre-

sents a two-dimensional Fourier transform with ~,n being 

the corresponding Fourier variables conjugate to the x and 

y spatial coordinates. The term in front of Equation 16 is 

given by: 

exp[jk(Z2-Z1)Jexp[jk(X22+y22/2(Z2-Z1))] 
A(X2'Y2,(fO+~Z~------------------------------------

j;\(Z2-Z1) 
Eq. 17 

The field at the disk encounters the general amplitude 

transmission of the media and features such as tracks, 

which are treated as phase objects. Thus, in general, the 

disk reflectively is a complex quantity resulting in the 

reflected field (note here we have unfolded the system so 

+ it appears as a transmitted field), E2 ' being described 

as: 
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Eq. 18 

where D(X2 'Y2) is the disk reflectivity function and RO is 

given by: 

1 1 1 
= Eq. 19 

RO f O+6Z fO 

E + 
2 is then propagated back to the objective lens in the 

described above, resulting in field E3 -same manner as . 
When multiplied by the quadratic phase term and aperture of 

the objective lens, E3- becomes E3+' the field at the ob

jective. Putting all of the above results together gives 

the field at the objective as: 

Eq. 20 
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with, 

!; = n = 

The field at the objective is then propagated to the final 

element in the system. This element may be an astigmatic 

lens, a partially obstructed lens, a critical angle prism, 

etc. The propagation is performed with a plane wave spec-

trum (Gaskill, 1978) approach to the diffraction process. 

The field E3+ is decomposed into its plane wave components 

with the aid of a Fourier transform. Each component is 

then multiplied by the appropriate propagation factor, and 

then an inverse Fourier transform is performed to recover 

the field E4- at the final element. The mathematical de

scription is as follows: 

~,n 
) 

Eq. 21 

where: FF- l represents a two-dimensional inverse Fourier 

transform. 

Once the field is at the final element, the remain-

ing operations depend on the FES technique being studied. 

For the case of the astigmatic approach E4- is multiplied 

by a quadratic phase factor which contains the usual 
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transmission term for a lens, plus a term indicative of the 

astigmatism. The field just after the final elemen.t is 

then propagated to the final plane of interest using the 

results of Equation 13. Thus the field at the detector, 

ES' is given by: 

ES(XS'YS)=A(XS'YS,(fx+6Za» FF[E4 (x4 ,Y4 )exp(jk6W) 

(X24 + y24) E,n 
x exp(jk )] 

E = 

with: 

2Re 

i\.(f +6Z ) 
x a 

n = 

6W = 1/2(1/f -l/f )y2 s 
x Y 

liRe = l/(f +6Z ) - l/f x a x 

i\.(f +6Z } 
x a 

Eq. 22 

where f,f represent the focal lengths of the astigmatic x y 

lens in the x-z and y-z planes respectively and (f + 6Z ) x a 

is the distance from the astigmatic lens to the detector. 

The field at the detector is then analyzed to de-

termine the FES as described above. 

vector Diffraction Techniques 

In a vector model the electromagnetic field is de-

composed into a plane wave spectrum upon encountering the 
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disk. At the disk, the continuity equations on the 

electric and magnetic vectors are applied at the disk fea

tures. In this manner a set of linear simultaneous equa

tions are generated which, when solved, yield the resulting 

amplitude and phase for each plane wave component. As pre

viously mentioned Sheng (1978) has applied this approach to 

various systems and has shown a similarity in the scalar 

results to the case where the magnetic vector is parallel 

to the plane of the disk. Sheng also demonstrates a strong 

deviation from the scalar model when the electric vector is 

polarized parallel to the plane of the disk. Note that 

Sheng's results were for systems with NA's on the order of 

0.85 and disk features similar to those described in this 

work. This vector model addresses only the interaction at 

the disk, and as such, does not treat the general problem 

of the propagation of the field through the sysbem (e.g. 

the astigmatic lens, critical angle prism, etc.). 

Mansuripur (1986) has developed a vector based dif

fraction model which evaluates the propagation of the field 

through the system. At this time, however, the model 

treats the disk as a simple amplitude and phase object and 

thus does not perform the boundary matching approach de

scribed above. The basic idea of this model is as follows. 

Consider a plane wave polarized in the x-y plane incident 
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on a diffracting object. The diffracted field can be de

composed into the various plane components. Mansuripur 

considers each plane wave component a result from a refrac

tion of the original plane wave. By the nature of geom

etry, the polarization of the refracted plane wave, as de

scribed in the original coordinate system, is now changed 

and has components along all axes. Thus by keeping track 

of the direction cosines upon recomposing the plane wave 

components, the resulting polarization state may be ascer

tained. 

Later in this work an example of the FES generated 

by this technique will be compared to that generated by the 

scalar model. Mansuripur also describes in his work the 

application of this model to higher N.A. systems. 

In "A New Perspective on Electromagnetic Diffrac

tion Theory," Kuper (1983) demonstrates that, by the use of 

Hertz potentials, the vector diffraction problem can be de

composed into thr,ee uncoupled equations, each of which are 

analogous to a scalar diffraction calculation. Hogan (Un

published) is currently pursuing this approach as it ap

plies to optical storage systems. 

Summary of Modelinq Techniques 

As can be seen from the above development, many 

facets of the various FES generating schemes may be ex

plored. Hopkins (1979) noted that the results of the 
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scalar theory and vector diffraction should not vary sig

nificantly for N.A.'s about 0.5 (i.e., for the optical sys

tem, treating the disk as a mirror). Thus for the work 

that follows, a N.A. of 0.50 was chosen and the FES calcu

lations are done with the disk modeled as a mirror. In the 

case of interaction with the grooved structure, it is not 

clear as to the limitation of the scalar model. However, 

for this work, the grooved structure will be introduced and 

laboratory results will be compared to the scalar predic

tion. 



CHAPTER THREE 

MEASUREMENT TECHNIQUE 

Validation of the computer model was done as the 

various programs were developed with the use of the 

Gaussian beam propagation results. Since the Gaussian beam 

equations can be easily solved, they served to indicate any 

problems with the scalar model. With the addition of such 

items as apertures, knife edges, and prisms, the Gaussian 

beam results were limited. Therefore, to validate the sca

lar model, laboratory experiments were performed to measure 

the actual focus error signals. 

The basic technique carried out in the laboratory 

was to measure the signal at the appropriate detectors as a 

mirror (or target of an optical disk structure) was stepped 

through focus. with this data the FES could later be cal

culated. Once a reliable measure of the FES was estab

lished the effect of various system perturbations could be 

studied. ~.is chapter will describe the basic optical, me

chanical, and electrical components used for all FES mea

surements. In later chapters, when a given scheme is dis

cussed, the appropriate hardware will be addressed. 

42 
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optical Pat.h 

The optical path is depicted in Figure 14. The 

light source is a Phillips CQL-14A light pen, which con

sists of a GaAs laser and the appropriate optics to deliver 

a diffraction limited wavefront and near circular energy 

distribution. BS1 is a 50/50 amplitude beamsplitter, which 

together with quadrant detector D1, allows the detection of 

the field after reflection from the disk independent of the 

FES scheme being studied. The half-wave plate (WP1) , po

larizing beamsplitter (PBS), and quarter-wave plate (WP2) 

form a "light valve." By rotating the half-wave plate 

about the optical axis, the power at the disk can be con

trolled; and together with the rotation of the quarter-wave 

plate the power at the detector (D2) can be controlled. 

with this arrangement, the field incident on the target is 

generally elliptically polarized. 

The characteristics of the beam delivered to the 

objective lens (OBJ) were determined with a WYKO, LADITE 

interferometer (Hayes and Lange, 1983) and Photon, Inc. 

Beam Scan model 1080 device. The wavefront measured was 

0.035 waves RMS, and the beam profile was digitized for use 

in the scalar diffraction model. The objective lens used 

was an Olympus VP-4350 low mass lens (0.50 N.A.). The lens 

was in an actuator mechanism to provide motion along the 
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Figure 14. Optical path used for FES measurement. 

44 



45 

optical axis for focus control, and across the optical axis 

for tracking control. 

After passing through the objective lens, the beam 

is incident on a target which simulates the disk. For most 

of this work, the target consisted of an aluminum coated 

1.2 rom thick substrate. In one region of the target there 

is a Ronchi ruling pattern as described by Cohen, Little, 

and Luecke (1984). The ruling allows for the measurement 

of the focused beam diameter and a means to indicate when 

the system is in focus. The other target used in this work 

was an aluminum coated target sectioned from a Daice1 opti

cal storage substrate (Daicel Chemical Industries, Ltd., 

1985). This substrate has a series of grooves approxi

mately 1/8 wave deep on a 2.5 micron pitch. This target 

was used to measure the interaction of the tracks with the 

FES. 

The beam reflected from the target is then passed 

through the optical system where it is directed by the po

larizing beamsp1itter into the region where the various FES 

generating schemes are tested. The wavefront after the 

beamsplitter was measured and the corresponding aberration 

coefficients were used in the scalar model (Figure 15). 

Due to the complexity of the instrumentation, this measure

ment was only done during the initial alignment of the sys

tem. As targets were removed and remounted the alignment 
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ABERRATION WAVES ~NGLE (DEG) 

_STIGMATISM 0.244 -67.8 

COMA 0.066 -59.2 

SPHERICAL -0.303 

RMS 0.08 

Figure 15. Third order aberration coefficients measured 
at the FES detection optics displayed in Figure 14. 
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was adjusted to maintain a comparable spot diameter to that 

at the initial alignment. However, the absolute aberra

tions at the FES region are a source of error in these mea

surements. 

Mechanical Considerations 

As previously discussed, the intent of the labora

tory work was to verify some of the predictions of the com

puter model. Given that focus errors on the order of 1 mi

crometer begin to have impact on the performance of a 

storage system, the measurement of such offsets would need 

to be repeatable to say, ± 0.1 micrometers. This is quite 

a challenge given ordinary laboratory conditions and is why 

the modeling is so important. with the modeling one can 

predict a 0.1 micrometer offset, whereas the measurement 

would be quite involved. 

The measurement of a FES requires two critical me

chanical actions. One requirement is that the system be 

able to return to the ideal focus location. This allows 

one to first measure a FES, perturb the system, and deter

mine any offset in the FES. The second requirement is a 

reliable indication of the position of the target as it is 

being stepped through focus. The following is a descrip

tion of the basis for the estimate of the accuracy of the 

above measurements. 
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Figure 16 depicts the salient mechanical items in

volved in measuring a FES. A Hewlett Packard (HP) 5528A 

Laser Measurement System is used to measure the actual dis

placement of the stage which holds the target. Based on 

the error budget analysis provided with the instrument, the 

interferometer error is about 0.02 micrometers over the 

range of measurement for this work. The next source of er

ror to consider is the relative motion introduced by the 

coupling between the retroreflector and the target on the 

coupon stage support structure. Once the system thermally 

stabilizes, the output of the interferometer typically wan

ders + 0.15 micrometers/minute. Note that this error re

sults from the summation of effects such as interferometer 

stability and retroreflector to interferometer motion. 

The next mechanical consideration is the path from 

the objective lens to detector. Since the objective lens 

is suspended in an actuator system, there is room for a 

considerable amount of vibration about the focal position. 

By looking at the actual FES, which by its nature indicates 

the disk to objective lens position, one could estimate 

that the system was stable to about 0.2 microlneters. 

As described earlier, the absolute position of fo

cus was checked using the Ronchi Ruling technique to find 

the location of the minimum spot diameter. In general the 

minimum spot diameter was found in a plane that was 
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Figure 16. Basic mechanical layout of the FES measurement 
system. 
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approximately within 1 micrometer (as measured by the 

interferometer) of the originally declared location. Thus, 

based on the above development, it is estimated that the 

error in the maintenance of the best focus location is, at 

worst, 1 micrometer. 

The next error to be estimated is the error in the 

measurement of each step of the stage. Based on the inter

ferometer calibration, one may estimate that, at best, the 

retroreflector motion could be measured to + 0.02 microme

ters. However, as described earlier, the total system sta

bility was only good to about 0.2 micrometers. Thus the 

accuracy in the measurement of the steps between data 

points is dominated by the system stability and is esti

mated to be 0.2 micrometers. 

The final mechanical consideration is in the mea

surement of the influence of tracks on the FES (i.e., the 

"feedthru" as defined in Chapter One). In the experiment, 

the target is brought into focus and then translated across 

the focused spot. Here the measurement of the motion was 

taken directly from the stage controller. An independent 

test of the stage and controller was done with the HP 

interferometer, which revealed that the stage did tra.nslate 

under computer control in steps of 0.1 micrometers (within 

the + 0.02 micrometer accuracy of the interferometer) but 

had backlash on the order of 0.5 micrometers. Thus, once 
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the stage was translated a few micrometers, data could 

begin to be recorded. Since the system stability is esti

mated to be about 0.2 micrometers, "feedthru" measurements 

are, at best, only capable of verifying the magnitude of 

the phenomena. Any "fine structure" in the "feedthru" mea

surement may not be accurately determined with this instru

mentation. 

Electronic Considerations 

.Pis shown in Figure 17 there are three types of 

electronics that make up the instrumentation for the FES 

measurement. The lens control electronics consist of a 

simple switching circuit and function generator to drive 

the lens either along the optical axis (i.e., through fo

cus) or perpendicular to the optical axis (across tracks). 

This set of components is only used for the initial align

ment of the system and thus does not contribute any error 

to the FES measurement. 

The stage drive electronics consists of a Klinq~r 

Model CC-l.2 two-axis controller. Any error introduced by 

this device is manifested in the overall position measure

ments previously described. 

The detection electronics are displayed in more de

tail in Figure 18. The first source of error in the mea

surement of the FES is the characteristics of the quadrant 

detector. The important feature for this detector is not 
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Figure 17. Primary electronic instrumentation used in 
measuring focus error signals. 
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the absolute value of the responsivity, but rather that the 

responsivity within one quadrant and between quadrants be 

uniform. Based on the manufacturer's specifications 

(United Detector Corporation, 1985) the typical variation 

of the detector's responsivity is five percent. 

The next source of error results from the variation 

of the gains and offsets of the amplifiers that provide the 

signal to the final voltmeters. The offsets were measured 

at 0 light level to be well below 0.5 percent of a typical 

signal and the gain variation between amplifiers was at 

most 0.2 percent. The final source of error is in the 

voltmeters (HP model 3478A) which are accurate to about 

0.05 percent of full scale. Also shown in Figure 18 are 

additional analogue circuits that form the sum signal and 

the FES from the four quadrants. These signals are used in 

the initial alignment and thus do not contribute any error 

to the FES measurement. 

Based on the above, it is estimated that the sig

nal, at any given detector element, is accurate to about 

five percent. With a five percent accuracy in one detector 

measurement, the maximum error for a typical FES measure

ment can be derived. Consider a technique where the signal 

results from the following algebra of the four detector el

ements: 



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

A + B + C + D 

Near focus we may assume: 

Ar- B ---C --D = A 
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Eq. 23 

For a relative error for a given detector element of E/A, 

it follows that the maximum error in the FES is + E/A. 

Thus for a five percent error in a given detector measure

ment, the maximum error in the FES is ± 0.05 (note the FES 

is a contrast measurement and thus unitless). 

Measurement Error Summary 

From the previous results, it follows that for each 

point measured of the FES there is a small box of error 

which surrounds it. The error in the actual disk to target 

position is typically ~ 0.2 micrometers and the error in 

the FES calculation is typically + 0.05. 

Basic Measurement Technique 

The first type of measurement is done with a target 

that consists of a mirror and a Ronchi rUling. The steps 

in measuring a FES are as follows: 

1. Drive the lens across the optical axis so 

as to scan the Ronchi ruling. 

2. Display on an oscilloscope the sum signal 

from Dl or, if appropriate, D2. 



3. With the Klinger stage controller, step 

the stage along the optical axis to find the plane 

where the Ronchi ruling data implies the smallest 

spot diameter (i.e., when the modulation from the 

ruling is the largest). Figure 19 demonstrates 

the Ronchi scan data for the system in focus and 

+ 2.5 micrometers out of focus. 

4. Stop the lens from scanning. 

5. With the other stage controller, move the 

target across the optical axis to place the fo

cused spot on a surface free of the Ronchi pat

tern. At this point it is assumed the system is 

in best focus on the mirror. 

6. Drive the lens through focus. 

7. Monitor the four detectors that make up D2 

and adjust the necessary FES components to get the 

required signal. Figure 20 demonstrates the ap

propriate signal for the knife edge technique. 

8. By displaying the analogue FES signal on 

an oscilloscope, refine the adjustments until sat

isfied with the displayed FES. 

9. At this point we assume that the FES com

ponents are suitably aligned but are not sure that 

the FES crosses zero when the system is in best 

focus. 
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Figure 19. Ronchi rUling scan signals demonstrating the 
detection of best focus. 
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RELATIVE DISK POSITION 

f£S-(Ql+02)-(Q3+Q4) 

RELATIVE DISK POSITION 

Figure 20. Typical signals for the knife edge FES genera
tion technique. 



10. Stop the lens from driving through focus 

and measure the FES. If the FES is not zero, ad

just the appropriate components to make it so. 

For example, for the astigmatic technique, an ad

adjustment of D2 along the z axis is usually re

quired. 

11. Repeat steps 1-10 until satisfied that the 

FES system is optimally aligned. 

12. Move the target with the Klinger control

ler about 15 micrometers toward the objective 

lens. 

At this point an IBM-PC is used-to make the measure

ment. Software was written which performed the fol

lowing: 

1. Command the controller to move the stage 

away from the objective a given amount. 

2. Read in the measurement of the position 

from the HP interferometer. 

3. Read the signal from each quadrant via the 

vol tmei:ers . 

4. Repeat steps 1-3 until the desired portion 

of the FES is measured. 

The data is then transmitted to the mainframe for further 

analysis. 
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The measurement of "feedthru" is done as follows: 

1. Replace the Ronchi/mirror target with the grooved 

structure previously described. 

2. Drive the lens across the optical axis. 

3. with D1, detect the tracking error signal (Figure 

21) from the grooved structure (see Chapter 8 for details). 

4. Move the target through focus until the tracking 

error signal is maximized. 

5. Repeat the steps for aligning the FES components as 

previously described using the tracking error signal as an 

indicator of best focus. 

At this point the IBM-PC is used to collect the data as 

previously described, but in this mode the target was moved 

across the beam. Also, measurement of the position of the 

target was based on the commands sent to the stage control

ler. 

Summary 

The previous description of the various attributes 

of the measurement techniques demonstrates the basis for 

the estimation of the errors. The instrumentation de

scribed here is not adequate to measure some of the finer 

predictions of the computer model (such as offsets on the 

order of 0.1 micrometers). However, this instrumentation 

was adequate (as intended) to verify the general predic

tions of the model. 
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TRACKING ERROR SIGNAL 

DISK POSITION ACROSS TRACKS 

Figure 21. Tracking error signal derived from an Aluminum 
coated, optical storage structure, as described 
in the text. 



CHAPTER FOUR 

THE ASTIGMATIC TECHNIQUE 

As discussed in Chapter Two, one of the major tech-

niques invented for focus error signal (FES) generation 

utilizes an astigmatic system. The purpose of this chapter 

is to analyze the astigmatic technique from a general point 

of view using the various theoretical tools described ear-

lier. Once the general analysis is completed~ theoretical 

and experimental data will be presented for a specific de-

sign. 

Astigmatic Scheme and Geometric optics 

The basic optical path for the astigmatic system 

follows from the generic path presented in Chapter Two, in 

which the final lens Ll is replaced with an astigmatic sys-

tern. The astigmatic system will be modeled as a thin lens 

with focal length in the x-z plane of f and focal length x 

in the y-z plane of f y • As long as fx and fy are such that 

the system is approximately afocal for the x-z and y-z 

planes, respectively, then the following qualitative de-

scription follows. 
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As the disk moves through focus, the ray density at 

the detector becomes elliptical until either the "x-z" or 

"y-z" focal region is reached. At the "y-z" focal region, 

the ray density is that of a horizontal line and the oppo-

site is true for the "x-z" focal region. Thus; as the disk 

moves through focus; the major axis and the minor axis 

switch, which yields the desired bipolar FES. The maximum 

eccentricity results when the disk has moved such that line 

images are formed at the detector. The "lock on" range is 

approximately the disk displacement which corresponds to 

the shift from a horizontal line image to a vertical line 

image at the detector (assuming an ideal system). Using 

Equa tion 6 in Chapter TvlO; the "lock on" range .6. L may be 

estimated by: 

f x Eq. 24 

where fO is the focal length of the objective lens. Note 

that this is only an approximation since it is impossible 

for the system to be afocal for both the x-z plane and the 

y-z plane. 

Astigmatic Scheme and Gaussian Beams 

As previously shown, a geometric point of view pro-

vides an estimation of the "lock on" region of a FES and 

the ideal location of the detector. However, geometric 
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considerations are limited in predicting the size of the 

signal; since perfect line images are predicted. 

Applying the Gaussian beam model described in Chap-

ter Two, one can treat the astigmatic system as two inde-

pendent problems (i.e.; one path is the x-z plane while the 

other path is the y-z plane). Assume that the disk is in 

focus and that an astigmatic system is placed in the return 

path. The astigmatic system is modeled as a thin lens of 

focal length f in the x-z plane and a thin lens of focal 
x 

length f in the y-z plane. The medial plane for the asy 

tigmatic system may be found by determining where the beam 

diameters in the two sections (the x-z and y-z planes) are 

equal. The ideal location of the quadrant detector as mea-

sured from the astigmatic lens, Zd is approximately, 

Eq. 25 

x y 
where W 0' W 0 are the incident Gaussian beam radii in the 

x-z and y-z planes; respectively, at the astigmatic lens. 

Also, the radius of the beam, Wm, at this medial 

region, is given by: 

W 
m 

= 
f x 

Eq. 26 
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The FES can be evaluated by integrating the irradiance dis-

tribution over the appropriate quadrants and forming the 

necessary sums and differences. If we assume that the gap 

separating the quadrants is zero, and the beam is perfectly 

centered on the detector, the FES is given by: 

2 
~ 

S[ERF(~/6) - ERF (6~)J e-~2da Eq.27 

o 

FES = 

where ERF is the standard error function, and 6 is the ra-

tio of the beam diameters in the x-z and y-z sections, re-

spectively. 

Considering the above, the FES can be approximately 

determined when the disk is in position to produce the ex-

tremes in eccentricity at the detector. Given the initial 

beam dimensions, we may assume that when the disk is in fo-

cus, the return beam is identical to the input beam. This 

beam is then acted on by the astigmatic lens. For example, 

at f the beam will be its narrowest along the "x" axis x 
x with a radius W x of: 

A.f 
= _...:.x=--_ 

f.,X n., 0 
Eq. 28 

Using results from Chapter Two, wy ' the radius along the 

"y" axis is found to be: 
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1/2 

w 
y 

Eq. 29 

with: 

wy 
y 

ZR 
Y 

= 

= 
i\. 

The ratio of Wx to Wy is formed and is used in evaluating 

Equation 27. A least squares fit was performed on this 

data and it was determined that the FES can be approximated 

by: 

FES -- .94 - 6 Eq. 30 

This expression is accurate to better than 10 percent as 

long as 6 is less than .8. 

In summary, the Gaussian beam results may be used 

to calculate the actual FES. Furthermore, the Gaussian 

beam approach can be used to investigate the properties of 

the optical system such as detector offsets, astigmatic 

ranges, and input beam ellipticity, using appropriate nu-

merical techniques (Cohen, Gee, Ludeke, and Lewkowicz, 

1984) • 
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Astigmatic Scheme and Scalar Diffraction 

In Chapter Two the scalar diffraction model was de-

veloped to the point where the field E4-(X4 ;Y4 ) was deter

mined. E4-(X4 ;Y4 ) is the input field for the various FES 

generating components. For the case of the astigmatic ap-

proach, E4-(X4 ,y4 ) is multiplied by a quadratic phase fac

tor which contains the usual transmission term for a lens, 

plus a term indicative of the astigmatism. The fi~ld just 

after the final element is then propagated to the plane of 

interest using the results of Equation 13 in Chapter Two. 

Thus, the field at the detector, ES(XS;YS ); is given by: 

Eq. 31 

E = 
A(f + t.z ) 

x a 

11 = 

1 1 1 
--= 

with: 



~w = : (-=- --=-) 
2 f f 

x Y 

2 
Y 5 

(~Z + f ) is the distance from the astigmatic lens to 
a x 

the detector plane. The irradiance at the detector is 

then analyzed to determine the FES as described above. 
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with the scalar model and the insight gained by the 

ray tracing and Gaussian beams approaches; additional sys-

tern parameters; such as aberrations and the effects of 

tracks; may be discussed. 

Modeling Results for the Astigmatic Scheme 

The following discussion will present a family of 

error signals for typical system perturbation. Later; the 

effects of each perturbation will be summarized as they ap-

ply to the major characteristics as described in Chapter 

One. 

Unfortunately; the performance of a given system 

cannot be predicted (in general); but there is knowledge to 

be gained from the results of one specific system. The 

system chosen to be studied is depicted in Figure 22. A 

4 mm diameter (l/e2 ) Gaussian beam is incident on a 4 mm 

focal length objective. The beam is then focused onto the 

storage media. The reflected beam passes through the cb-

jective and then propagates to the astigmatic lens. The 

astigmatic lens chosen for this study is modeled as having 
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Figure 22. The nominal system chosen to model the astig
matic techniques. 
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a focal length in the x-z plane of 0.1 m and a focal length 

in the y-z plane of 0.125 m. A detector is located at the 

medial region~ oriented appropriately. Whenever possible, 

the perturbations will be normalized to specific system pa-

rameters to allow for inferences concerning the performance 

of other systems. 

For the nominal system, Figure 23 displays the cal-

culated detector irradiance. The following section will 

discuss the effects various parameters have on the signal. 

Each section title is indicative of the parameter varied. 

Astigmatism 

The effects of nominal astigmatism were investi-

gated (Figure 24) by changing the focal length in the "x" 

section from 0.117 m to 0.0743 m with f fixed at 0.125 m. y 

Note the position of the detector was varied to allow for 

the shift of the medial region. As predicted in the previ-

ous chapter, the linear range increases as the astigmatism 

increases with a corresponding decrease in the sensitivity. 

Detector Size and Gap Dimension 

For this work the detector was assumed to be com-

posed of square quadrants. The length of the quadrant side 

was varied from being 25 percent to 200 percent of the me-

dial spot radius. The results indicate that as long as the 

quadrant size is greater than 50 percent of the medial spot 
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Figure 24. The FES for varying focal lengths in the "X-Z" 
plane. The focal length in the "Y_Z" plane is fixed at 
0.125 M. 



radius~ the sensitivity and linear range are unaffected 

(Figure 25a). 
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The gap between detector quadrants was varied from 

30 percent to 100 percent of the medial spot radius. The 

general result is that the gap af::ects the "lock on" range. 

When the gap approaches the medial spot size~ the slope ap

proaches infinity which may result in an unstable servo 

system. 

Detector Displacements 

The detector was modeled as being displaced along 

the "x" axis from 10 percent to 100 percent of the medial 

spot radius. Figure 26a demonstrates that for displace

ments of about 10 percent of the medial spot radius, the 

FES is hardly affected. For larger detector displacements 

the form of the FES is altered such that electronic offsets 

may not correct the situation. By the symmetry of the 

situation, the results for displacements along the "y" axis 

are simila.r to that of motion along the "x" axis, except 

for a polarity change (Figure 26b). 

The results discussed above indicate that a detec

tor displacement at 45 degrees to the "x" and "y" axes may 

not greatly affect the FES. Figure 26c depicts the result

ing FES when the detector is displaced along a line 45 de

grees to the coordinate axes. Note that the FES remains at 

zero when the disk in focus, independent of the magnitude 
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a. 

b • 

Figure 25. The effects of detector size (a) and detector 
gap width (b) on the FES; expressed as a percentage of the 
medial spot radius (111.25 urn). 
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of the medial spot radius (111.25 urn) Figure 26(d) and. 
26(e) depict the effects of angular and axial detector 
position respectively (as measured from the medial plane). 
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of the displacement. Thus the detector may be displaced 

along any line dividing the quadrants with relatively lim

ited affect on the FES. 

In general, angular misalignments do not affect the 

zero crossing, but change the sensitivity of the FES. It 

appears that as much as 10 to 15 degrees of angular posi

tioning error has little affect on the FES (Figure 26d). 

The affect of displacing the detector axially is 

depicted in Figure 26e. As described previously, this re

sults in an offset of the FES at focus but does not greatly 

affect the "lock on" range and sensitivity. The amount of 

focus error, E, for a given axial offset of the detector ~ 
a 

is given by: 

~ 
a Eq. 32 

Note (as described in Chapter Two) this is for an ap-

proximately afocal system. 

Objective to Astigmatic Lens Separation 

Developing a small package is one concern to be 

considered when designing an optical storage system. This 

usually implies that an astigmatic system will not be 

afocal. A simulation was performed in which the separation 

of the objective and the astigmatic lens was varied from 25 

percent to 500 percent of the afocal separation distance. 
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Figure 27 demonstrates that for separations less than the 

afocal situation, there are relatively no affects of the 

FES. However, as the separation on the lenses becomes 

large compared to the ideal afocal arrangement, the "lock 

on" range and sensitivity are altered. One major problem 

is that when the lens separation becomes much greater than 

the afocal condition, the FES undergoes a zero crossing 

when the disk is not in focus. 

Beam Radii Ratio 

As the GaAs laser becomes more the choice for opti-

cal storage systems, the property of the emitted beam hav-

ing an elliptical cross section becomes a concern. As the 

beam ellipticity changes, the medial region for the astig-

matic system will shift axially. Figure 28a depicts this 

situation as the beam radius ratio W /W is varied from .1 x y 

to 2. As expected, the zero crossing shifts and general 

features of the FES change. In fact, for extreme beam 

ellipticities, an additional zero crossing is predicted. 

During the alignment of a given system, if the beam 

has an elliptical cross section, an axial shift of the de-

tector to the correct medial region should remedy the 

situation. In fact, Figure 28b demonstrates that the FES 

can be restored when the detector is located at the correct 

axial position. The location of the medial region may be 

found in Equation 25. 
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b. 

d. 

Figure 28. A series of error signals for different amounts 
of initial beam ellipticity (wx/wy) with the detector in 
the nominal location (a) and the detector in a corrected 
axial position (b). Figure 28(c) demonstrates the effect of 
rotating the angle of the astigmatic axis with respect to 
the axes of the beam irradiance (ellipticity=O.75). The 
resulting detector irradiance (disk in focus) with the axis 
of the astigmatism along the elliptical beam axis and at 45 
degrees t~ the beam axis is depicted in Figure 28(d) and 
28(e) respectively. 
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Note that the above simulation assumes that the ma

jor and minor axes of the elliptical distribution are along 

the axes of astigmatism. 

A further investigation was carried out in which 

the beam diameter ratio was chosen to be 0.75 and the axis 

of the astigmatism was varied. Figure 28c reveals that 

with the axis of astigmatism at 45 degrees to the major and 

minor axes of the beam~ there is no affect on the FES. 

Figures 28d and 28e depict the detector irradiance for the 

above situations with the disk in focus (detector at medial 

location assuming a circular incident beam). 

Beam Truncation 

The affects of overfilling the objective lens on 

the FES is of interest since most systems are designed to 

obtain the smallest spot at the recording media. Figure 

29a demonstrates that~ for varying amounts of truncation at 

the objective lens, the FES is basically not affected. 

Figure 29b demonstrates that the effect of beam 

truncation at the objective lens when the input Gaussian 

beam is elliptical. 1~e detector is placed at the medial 

region determined by assuming the beam is circular. As ex

pected, for zero truncation there is an offset in the FES 

when the disk is in focus. However, as the amount of trun

cation is increased, the offset at focus is diminished. 

This affect follows intuitively since, as truncation 
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Figure 29. The effects of beam truncation at the objective 
lens for an incident circular irradiance (a) and elliptical 
(wx/wy=O.75) incident irradiance (b). Expressed as 2 ratio 
(i.e., percentage) of the aperture diameter to the lie beam 
diameter. 
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increases, the beam that passes through the system becomes 

more circular in nature. It is not desirable to truncate 

the beam at the objective and thus lose power at the re

cording medium. Thus, an aperture at the astigmatic lens 

can easily reduce the affects of beam ellipticity. 

Aberrations 

As previously discussed; it is assumed that the op

tical path from the laser to the disk and back to the FES 

generating region is diffraction limited. However, in gen

eral it is preferable to allow for designs in the detection 

area which are not diffraction limited; to minimize system 

cost. 

Figure 30a demonstrates that for varying amounts of 

spherical aberration the FES undergoes a shift similar to 

that of an axial offset of the detector. 

Figure 30b demonstrates that the effect of Coma on 

the FES is minimal. In Figure 30b, the axis of the Coma is 

along the "y" axis of the system. The affect of rotating 

the axis of Coma is depicted in Figure 30c for 0.5 waves of 

aberration. 

The affect of additional astigmatism on the system 

is depicted in Figure 30d. When astigmatism is added along 

the "x" or "y" axis it follows (from Equation 25) that the 

medial region will be shifted. When the additional 
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Figure 30. The resulting error signals for varying amount 
of spherical (a), coma (b), and astigmatism (d). The ef
fects of rotating the axes of the coma and astigmatism are 
displayed in Figures 30(c) and 30(e) respectively, for 0.5 
waves of respective aberration. 



astigmatism (e.g.~ 0.5 waves) is added at an arbitrary 

angle~ the FES is slightly altered from the case above. 

Track Interference ("Feedthru") 
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The affects of track position on the FES have been 

noted briefly in the literature (Yamamoto, 1986). For this 

model it is assumed that the track structure consists of a 

groove 0.6 micrometers wide and an eighth wave deep. Each 

track is separated by 1.8 micrometers. 

For the first set of studies, the orientation of 

the geometric projection of the track through the optical 

system is in the "y" direction. Figure 31a demonstrates 

the error signal that is generated as the track is scanned. 

It is clear that the amount of "feedthru" is unacceptable 

since it would imply a focus error of greater than 1 urn, 

causing the servo system to drive the lens out of focus. 

Figure 31b demonstrates that when the projection of the 

track is along the "y" axis, the light diffracted from the 

track accumulates in two quadrants that are added for FES 

generation~ resulting in a focus offset. 

As described by Kanamaru (1981), the influence of 

the track position on the FES may be minimized by orienting 

the astigmatism at 45 degrees to the track geometric pro

jection. Figure 31b demonstrates that when the projection 

of the track is 45 degrees to the x and y axes~ the 
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Figure 31. The resulting feedthru with the tracks oriented 
along the axis of the astigmatism (a) and corresponding 
detector irradiance (b). For the track oriented at 45 
degrees to the astigmatic axis the feedthru and detector 
irradiance is displayed in Figure 31 (c) and 31(d) res
pectively • 
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"feedthru" is reduced to an effective focus error of 0.16 

micrometers. 

When the astigmatism is optimally aligned; the diffracted 

light falls equally among quadrants that form the FES (Fig

ure 31d). 

The results discussed above indicate that; with re-

spect to "feedthru," the detector position and additional 

aberrations may have a larger influence on a system than 

previously noted. 

Figure 32 is a table demonstrating the affects of 

some of the more important perturbations on the basic FES 

characteristics. It is interesting to note that one of the 

more sensitive figures of merit is the amount of a "feed-

thru" that might result from a given situation. For ex-

ample; for detector displacement along the 45 degree line 

the "feedthru" is limiting; although the FES in general 

passes through zero (assuming nongrooved media). 

Laboratory Investigations 

An astigmatic lens of the above first order proper-

ties was procured to test some of the predictions of the 

model. Two types of experiments were performed. The first 

experiment was to measure the FES assuming the system is 

ideally aligned and then move the detector in the various x 

and y directions. Figure 33 demonstrates that; except at 

the extremes of the "lock on" range, the theory and 
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Figure 32. Table of the effects of typical system pertur
bations on the primary characteristics of the FES. 
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experiment agree within the errors described in Chapter 

Two. Consistent agreement between the model and the ex

periment for detector motion is displayed in the series of 

the graphs displayed in Figure 34. Note that as predicted 

by the model, detector motion along the axes defining the 

quadrants causes little effect on the FES (Figure 34a). 

The final experiment performed was to measure the 

interaction of the tracks with the FES ("feedthru"). Fig

ure 35 demonstrates again that the model tends to predict 

the observed situation quite well. 

In Chapter Eight, further experimental studies will 

be described which demonstrate a technique to minimize the 

effects of general motion of the detector in the x-y plane. 

Also, Chapter Eight will address the deviations from the 

model in the observed error signals near the edge of the 

"lock on" region. 
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Figure 34. Measured error signals for detector displace
ments 45 degrees to the "X" and "y" axes (a) and along the 
"X" and "y" axes (b). Expressed in microns of detector 
motion. 
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CHAPTER FIVE 

KNIFE EDGE TECHNIQUE 

As development continues in the optical storage 

field, different focus error generation techniques are 

evolving in the interest of system simplification and cost 

reduction. This chapter will discuss the development of 

the knife edge technique as it evolved over the years. One 

popular implementation of this technique will be analyzed 

primarily with the scalar diffraction model. Laboratory 

results for the knife edge technique chosen will also be 

discussed. 

Detecting the focal condition of an optical disk 

device is analogous to detecting the amount of defocus in 

an optical system. One technique for FES generation is 

based on the Foucault knife edge technique used throughout 

optical testing (Malacara, 1978). The Foucault technique, 

based on the geometric optical properties of a system, is 

depicted in Figure 36. In principle, if a knife edge is 

placed at the focus of an ideal system, all of the rays 

will be blocked. However, as the obstruction moves axially 

through the focal region, a bundle of rays will pass. The 

sign of the angles comprising the unobstructed bundle 
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Figure 36. The general Foucault knife edge test for var
ious axial positions of the knife edge near the focus of an 
ideal system. 
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depends on the position of the knife edge in the focal re

gion (Figure 36). By placing a detector pair at an appro

priate location, the position of the knife edge, with re

spect to the focal region, may be determined. 

If an additional lens is placed in the return beam 

from the optical disk such that the system is afocal, the 

irradiance near the focal region of the second lens will 

translate axially with the position of the active layer. 

With the disk in focus~ a knife edge is placed at the focus 

of the second lens (Ll ) such that all of the light passes 

by the obstruction. A detector pair is placed as shown in 

Figure 37 at a distance equal to twice the focal length 

(f1 ) of L1 from L1 , and aligned such that the light level 

on each detector is the same. Now as the disk moves on ei

ther side of the focus, the top or bottom half of the de

tector becomes more illuminated. By taking the difference 

of the signals from the detectors, an FES may be generated. 

The use of a knife edge for FES generation has been 

further improved upon and modified by various investigators 

each seeking different effects. For example, to improve 

the alignment sensitivity, a technique using a large apex 

prism has been demonstrated (Janseen and Van Rosmelan, 

1985). In pursuit of simplifying the optical systems, the 

knife edge techniques have been further refined to the 
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DISK TOO CLOSE 

DISK IN FOCUS 

~-Ol I· -02 

DISK TOO FAR 

FES=(Ol-D2)/COl+D2) 

Figure 37. Generation of a signal indicative of the posi
tion of an optical disk near focus using the basic concept 
of the Foucault knife edge. 
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point where the actual obstruction is moved up to the sec

ond lens (Shuman~ 1984). 

One goal for this work is to keep the number of 

components to generate an FES as near equal as possible for 

each scheme. Thus the variation presented for this study 

consists of a knife edge obstruction placed at the aperture 

of the second lens, and a detector pair suitably placed for 

error signal generation. 

Figure 6 (in Chapter One) depicts the basic knife 

edge technique considered. For the following analysis, the 

coordinate system and general layout is featured in Figure 

38. The notation is consistent with the description of the 

other systems studied. In this arrangement the astigmatic 

lens, as described in previous chapters; is replaced with a 

positive lens of focal length f l , obstructed by a knife 

edge. The system is arranged such that ~he knife edge is 

oriented along the "x" axis. The detector pair is modeled 

nominally as having infinite extension in the "x" and "y" 

directions with no gap between the sensor elements. The 

other parameters are as indicated in Figure 38. 

Ray Tracing and Gaussian Beam Results 

One way of modeling the knife edge approach is with 

simple ray tracing techniques. Figure 39 demonstrates the 

various spot diagrams for an ideal lens obstructed by a 

knife edge as the disk is moved through focus. As 
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Figure 38. The nominal knife edge system used as a start
ing point for analysis. 
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Figure 39. The spot diagram at the detector as the disk 
moves from being 5 micrometers too close to the objective 
(a), through focus (b) and 5 micrometers too far from the 
objective (C). 
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expected; the ray distribution is either totally above or 

below the optical axis for a given disk displacement. The 

error signal may be calculated by adding the rays in a 

given detector cell and taking the appropriate difference. 

However; by inspection the FES would posses an infinite 

slope and an infinitesimal "lock on" range. 

Since the Gaussian beam equations apply only to 

unobstructed fields; they are of no use for analyzing the 

knife edge technique. Thus; the scalar diffraction ap

proach is used to totally model the system. 

Scalar Diffraction Model 

Utilizing the results from the scalar diffraction 

theory described in Chapter Two; the field at the detector 

(a distance ~Za from f l ) for a knife edge system; ES(XS;YS ) 

is given by: 

Eq. 33 

!;= 
Xs 

Ie (f 1 +~Za) 

YS 
n= 

Ie (fl +~Za) 

where Ei (X4 'Y4) is the field incident on the obstructed 

lens (and defocus term), and KE (X
4

,Y
4

) is an expression 

representing the knife edge function. From the nature of 
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Fourier transforms~ the field at the detector can be repre

sented as: 

Eq. 34 

with, 

~ = 

n = 

where ** represents a two-dimensional convolution. 

This result will be quite useful in explaining the 

theoretically predicted behavior of the FES. As in the 

previous chapters, the following consists of the results of 

the simulation for various system perturbations. 

For the nominal system the irradiance at the detec

tor is displayed in Figure 40 for given positions of the 

disk. It is interesting to note that for the disk in fo

cus, the field at the detector resembles that of an ellip

tic Gaussian beam. In fact, the beam profile in the "x" 

direction is basically unaffected by the presence of the 

knife edge. This result is actually consistent with Equa

tion 33, which is separable for the "in focus" condition. 
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Lens and Knife Edge Properties 

The effect of varying the focal length of lens Ll 

is presented in Figure 41. The predicted FES is basically 

unaltered by the focal length of the obstructed lens. 

Equation 33 reveals that the irradiance disturbance at the 

detector depends on fl only as a scale factor. Thus~ with 

the nominal detector as described above, the signal will 

not be changed. In summary, fl affects the overall extent 

of the irradiance distribution at the detector~ a factor of 

importance when choosing a detector, but does not directly 

affect the parameters such as the "lock on" range. Thus~ 

for the nominal system chosen here, the "lock on" range is 

only about 3 to 4 micrometers. 

The next set of perturbation studied involve the 

placement of the knife edge. Figure 42 demonstrates that 

the angle of the knife edge is not critical in that an an

gular misalignment of as much as 25 degrees hardly affects 

the FES characteristics. These results follow from the 

fact that the detectors act to sift out the "y" component 

of the irradiance distribution as the disk moves through 

focus. 

The position of the knife edge along the "x" dimen

sion is not of importance for this study since the obstruc

tion is modeled as being infinite in this direction. How

ever, placement of the knife edge with respect to the "y" 
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Figure 41. The resulting error signals for changes in the 
focal length of lens L1 • 
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dimension~ was studied. From the shift theorem of the 

Fourier theory (Gaskill, 1978), for small displacements of 

the knife edge, the field at the detector will only be 

modulated by a linear phase term. Consequently~ the 

irradiance~ formed from a complex multiplication of the 

field with its conjugate, yields a distribution nearly un

altered from the nominal case. Figure 42b demonstrates 

that for various misalignments of the obstruction, the FES 

is minimally affected. 

Detector Geometry 

As discovered in earlier chapters, the characteris

tics and placement of the detector offer insight into the 

potential problems and attributes of a given system. The 

detector for the knife edge system is simpler than the 

quadrant detectors required for other techniques. For the 

obstruction type techniques the geometry dictates that mo

tion of the irradiance distribution is generally con

strained along one direction. Thus, certain dimensions and 

positioning of the detector have no affect on the FES. 

However, the other dimensions and alignments are as 

critical, if not more so~ than those for other systems. 

Figure 43 depicts the effects of the detector gap, 

height and width, on the FES. As expected, the width of 

the detector is of no consequence, but the height of the 

detector may limit the performance of the system. The 
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detector gap is of little concern as long as it is chosen 

to be less than the nominal Gaussian (1/e2 ) beam radius at 

the detector with the systems sans a knife edge. 

Angular and lateral positioning of the detector af

fects the FES as detailed in Figure 44. Similar to the 

knife edge angular positioning, the detector can be rota

tionally misalign)d as much as 25 degrees with little af

fect on the FES. The critical alignment, though; appears 

to be the positioning of the detector along the "y" 

dimension. A displacement along the "y" axis of 25 percent 

of the nominal beam radius at the detector; results in a 

considerable offset in the FES. Since the system is gener

ally operating near a focus, the beam at the detector will 

be quite small. In fact, for the system modeled here 

(which would probably be too large for a practical system) 

a detector motion of a few microns will affect the FES no

ticeably. This is significant since simple thermal and me

chanical fluctuations during the operation of the device 

could cause this much motion. Finally, the axial placement 

of the detector causes an offset of the FES as expected 

from the theories presented in previous chapters. 

Beam Shape and Apertures 

As explained above, the resulting irradiance at the 

detector is related to a convolution of the Fourier trans-

forms of two functions. As is commonly known, a Fourier 
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transform of a function of a large spatial extent will re

sult in an expression which is narrow in the frequency do

main. When two functions are convolved, the result is gen

erally wider than either function. In the limit that one 

of the terms approaches a delta function, the convolution 

merely reproduces the other function. Thus, qualitatively; 

one speaks of the narrower function "sifting out" the wider 

function. For the obstruction knife edge technique, the 

irradiance at the detector is a result of the convolution 

of the Fourier transform of the knife edge function and the 

Fourier transform of the incident Gaussian beam. In keep

ing with the above analysis; as the incident Gaussian beam 

becomes large with a corresponding narrowing of its trans

form; the detector irradiance is dominated by the transform 

of the knife edge function. However, in the case that the 

incident Gaussian beam becomes narrower, the distribution 

at the detector is dominated by the Gaussian nature of the 

incident beam (i.e., the knife edge transform tends to sift 

out the wider Gaussian function). This effect has been 

found to influence the behavior of the FEB as will be de

scribed in the fOllowing. 

The incident Gaussian beam radius was varied in the 

"x" dimension as well as the "y" dimension, independently. 

As in previous work, changes in the system along the "x" 

axis tend to have no effect (Figure 45a) since the knife 
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edge is oriented along this dimension. However~ changing 

the beam diameter along the "y" dimension (Figure 45b) has 

the profound affect of increasing the "lock on" range of 

the FES. This fact, and the qualitative analysis above, 

leads to the suspicion that by placing an aperture at Ll , 

the "lock on" range can be controlled. Figure 45c does in

deed demonstrate than an aperture placed at Ll will alter 

the FES as described above. This result allows the de

signer the freedom to control the linear range with a 

simple aperture. Finally~ Figure 45d demonstrates that the 

truncation of the incident beam at the objective lens will 

have a similar affect on the FES as previously described. 

Aberrations 

The effects of aberrations on the FES are displayed 

in Figure 46. The presence of spherical aberration acts 

similarly to the astigmatic scheme in that a focus shift is 

introduced. Coma affects the performance of the knife edge 

scheme similarly to spherical aberration in that a focus 

shift is apparent. Note that if the axis for which the 

coma is defined is along the "y" axis, the affects are se

vere. However, by the symmetry of the situation, if the 

comatic axis is along the "x" axis, there is no effect on 

the FES. Figure 46d and 46e demonstrate that astigmatism 

may introduce an offset in the FES depending on the angle 

of inclination. With the astigmatic axis along the knife 



0.' \.~ 
0.0 

..... \ \ 
-0.51--+--1--+-:":""~-+--I 

:'.,.1"-. .... 

-1.11:6 -4 -2 0 4 

DI SI< POSITIOH (/llCROr£T£RS) 

I. 0 

~ .~ ..... : ,-"-... 

\ \:\ 
: \\ 
" . 

os 

0.0 

1\ " , .. 
f' r::-. I--

-0.5 

- -. 4 0 2 4 

DISI< POSlTIOH (MICR!J£TERS) 

P 
E 
5 
U 
L 
T 
5 

a. 

c. 

I 

O.S '. 
\ \ 

0.0 

-0.5 

:\ \ .... 
-1.0.6 -4 -2 0 2 4 

~ISTAN(E Of DISK FROM FOCUS 

t::'~t:---. 
o.~ . I:, ". '\ 

.... \ . . 
0.0 t--t---...:t--1---Pr-+--l 

'. .. !\ 
-0. 5 t--t--!--"'t-:-:-="'":t-~\f--i ..... t::,,!::::::-: 

-). 0.'';-6 ---=-";-4 ---=-~2 -O~-2.1..--4.1..--J 

DISI< POSITIOH (MI~) 

).0 r--,--r--,--r--r---, 

P 
E 
5 

=f.t::;-,~ 
r'" "-

" : . ':., 
0.5 I--+--P\..,. .. r~-,\ -+--+--1 

~ 0.0 
T 
S 

-),0.6 -. -2 0 2 4 

DISTANCE Of DISI< FROM FOCUS 

e. 

112 

b • 

d. 

Figure 46. The resulting error signals for varying aQounts 
of spherical (a), coma (b), and astigmatism (d). The ef
fects of rotating the axis of the coma and astigmatism are 
displayed in Figures 46(c) and 46(e) respectively. For the 
rotation studies, the amount of the given aberration is 0.5 
waves. 



edge the effects are most pronounced, indicative of the 

sensitivity of perturbations along the "y" axis (i.e., 

knife edge). 

Track Effects ("Feedthru") 

113 

The final system parameter to be studied is the 

influence of grooved phase tracks on the FES. Figure 47 

depicts the predicted focus error signals for given track 

positions with the knife edge aligned parallel and perpen

dicular to the geometric projection of the track. As ex

pected from the system symmetry, when the knife edge is 

perpendicular to the geometric projection of the track~ the 

"feedthru" is minimal. However, large effective focus er

rors are introduced into the signal for given track posi

tions when the knife edge is aligned parallel to the track 

projection. These effects can be explained based on the 

imaging equations described in earlier chapters. If the 

knife edge were not present, the objective lens and Ll 

would form an image of the disk at the focus of Llo Thus, 

if the disk consisted of merely a phase object, the image 

at fl would be entirely composed of phase terms (assume in

finite apertures) and thus have no affect on the irradiance 

at the focus (i.e., the system would be imaging a clear 

object). When the knife edge is placed in the system at 

Ll , one can think of it as acting as a filter in the fre

quency space of the objective. Thus, certain components of 
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the Fourier transform of the phase disk are removed. This, 

in turn~ will produce an observable affect at the detector 

plane. Consequently~ although the detector is placed at 

the focal plane of Ll~ the presence of a clear object at 

the disk plane is manifested in the irradiance distribu

tion, and correspondingly, the FES. 

Summary 

Figure 48 presents a summary of the affects of the 

various perturbations discussed above. One characteristic 

of the knife edge system is that small detector displace

ments may result in large focus offset errors. It is in

teresting to note that the nominal design results in no 

"feedthru" and that primarily spherical and coma cause 

"feedthru" to occur. 

Laboratory Investigations 

The knife edge technique was tested with a 160 rom 

focal length lens with a common razor blade serving as the 

knife edge. The knife edge and detector were mounted to 

facilitate testing some of the above modeling predictions. 

Provisions were made for an iris diaphragm to be mounted in 

front of the knife edge to test the effects of beam size on 

the FES. 

The measured FES for the ideal system is shown in 

Figure 49 demonstrating a reasonable fit to the modeling. 
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9..OPE LINEARITY UXI< RANGE CFFSET ~ FEED'MIU 

PARAMETER 
(CNTRSTIMIC) ,. (MICRONS) (MICRONS) (PERCENT) MICRONS 

NOMINAL 0.35 0.966 5 0.0 3.6 0.00 

KNIFE EDGE ANGLE 25 DEG 0.35 0.960 4 0.0 3.6 0.19 

KNIFE EDGE OFFSET 
25 X OF BEAM RADIUS 0.37 0.947 2 0.0 3.8 0.00 IN --v· DIRECTION (0.000514) 

DETECTOR ROTATED 25 DEG 0.33 0.957 4 0.0 3.4 0.00 

DETECTOR DISPLACED 501 OF 
NOMINAL BEAM RADIUS AT DET~ 0.35 0.918 4 0.6 3.6 0.00 IN --V· DIRECTION (8E-6 14) 

APERTURE RADIUS AT 

I KNIFE EDGE. 501 OF NOMINAL 0.07 0.996 12 0.1 0.7 0.14 (0.002 14 ~) 

0.5 WAVES OF SPHERICAL 0.14 0.982 4 i 2.0 1 .4- 0.43 

0.5 WAVES OF COMA 

AT 0 DEGREES 0.15 0.926 6 2. 1 1.5 0.33 

0.5 WAVES OF ASTIGMATISM 

AT 0 DEGREES 0.22 0.789 5 1.6 2.2 0.00 

~ ALLOWED PERCENT UNCORRELATED FLUCTUATION ON A GIVEN DETECTOR CELL FOR A 
0.1 MICRON FOCUS ERROR 

,. STANDARD COEFICIENT OF CORRELATION 

Figure 48. Table of the effects of typical system ~ertur
bations on the primary characteristics of the FES. 
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Figure 50 demonstrates that the predicted perturbations on 

the error signal, as a result of detector motion~ were ob

served in the lab. One of the more interesting predictions 

of the model, namely the FES invariance to knife edge posi

tion; is demonstrated in Figure 51. 

The modeling appears to have predicted the magni

tude of the "feedthru" (Figure 52); but either the measure

ment or calculations appear to be lacking in predicting the 

shape of the effect. 

The final prediction of the model tested was the 

influence of placing an aperture in front of the knife edge 

system. Although the basic affect of altering the slope of 

the FES is observed, Figure 53 demonstrates a large de

viation from theory. possible reasons for this deviation 

will be addressed in Chapter Eight. 
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Figure 50. Measured and theoretical error signals for 
various detector displacements along the "Y" axis. 
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CHAPTER SIX 

THE CRITICAL ANGLE PRISM (CAP) TECHNIQUE 

As the field of optical storage gathers momentum, a 

number of different techniques for FES generation are being 

invented. In general, these techniques attempt to solve 

many of the problems previously discussed. The Critical 

Angle Prism (CAP) technique was invented by Ito; et al., 

(1983) approximately five years after the invention of the 

astigmatic and knife edge techniques. This chapter will 

reveal how this technique offers several advantages over 

the astigmatic and knife edge systems. 

Figure 54 depicts a simple prism arranged such that 

a ray normal to surface 1 will impinge on surface 2 at the 

critical angle. Upon reflection, the ray will then exit 

the prism normal to surface 3. By placing this prism in 

the return path of the beam, in a typical storage system, 

the following effects occur. Assuming the beam illuminat

ing the focusing objective is collimated, the beam return

ing from the objective will also be collimated if the disk 

is in focus. This beam is then directed to the critical 

angle prism where it is totally and uniformly transmitted 

through the device. Figure 55 demonstrates that when the 

123 
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Figure 54. Illustration of the critical Angle Prism (CAP). 



DISK TOO CLOSE 

DISK IN FOCUS 

DISK TOO FAR 

01 D2 
_~ c:: ::J 

FES=DI-D2 
01+D2. 

125 

Figure 55. An illustration of the CAP operation for dif
ferent disk positions. 
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disk is on either side of focus, the beam which exits the 

prism will tend to have either more or less light in the 

right or left half of the beam, with respect to a plane de

picted in Figure 55. For simplicity, Figure 55 implies 

that the rays incident at surface 2, with an angle greater 

than the critical angle, are totally reflected; while those 

rays incident with angles less than the critical angle are 

totally transmitted. This description is incorrect since 

the rays will be reflected according to the well known 

Fresnel laws of reflection (Shadowitz, 1975). A more ac

curate description of the affects of the CAP is that each 

ray, in general, may be slightly attenuated which will tend 

to redistribute the energy in the exit beam but not trun

cate it as Figure 55 may imply. 

Early in the development of the CAP, it was found 

that to increase the sensitivity of the technique, multiple 

reflection near the critical angle were required. Figure 

56 sho"v'1s the more popular arrangement in use today (Musha, 

Kiichi, and Kenichi, 1983). The prism depicted in Figure 

56 could be thought of as three simpler prisms (as de

scribed above) in series. 

Ray Tracing and Gaussian Beams 

One simple way to model the prism is to use conven

tional ray tracing techniques and count the number of rays 

that get through the prism and impinge on a given detector. 



127 

D1 " 02 
~------T---~ ~ _______ :::J 

FES = 01-02 
D.:1+0'l-

Figure 56. A typical CAP design found in devices today. 



128 

An error signal may be obtained by taking the difference of 

the number of rays at each detector element. As in the 

knife edge technique~ depending on the angle a given ray 

makes to the normal~ it will either be transmitted or re

flected. This result would lead to the FES being of infi

nite slope and infinitesimal "lock on" range. To improve 

the ray trace~ the appropriate Fresnel amplitude reflec

tance could be found for each ray as it propagates through 

the prism. The error signal could then be found by inte

grating the. effective transmission per ray at the detector. 

The final ray tracing improvement would be to initially as

sign each ray an appropriate value associated with a 

Gaussian distribution. Thus, at the end of the ray trace, 

each ray will represent the affective power transmitted. 

Although the ray tracing strategy described above 

may prove useful, it is suspect since the phase relation

ship of each ray is not allowed to interact. Also, this 

technique is useless for studying the effects of the tracks 

on the FES. By nature of the Gaussian beam equations, it 

follows that they have limited application to the CAP prob

lem. 

The technique used to study the CAP is a combina

tion of the scalar model and the ray tracing techniques. 

The scalar model has no direct application to the CAP since 

it applies only to thin, screen-line objects. However, as 



will be described; a use of diffraction theory; together 

with ray tracing; will prove effective in analyzing this 

system. 

Analysis 
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The analysis of the CAP technique combines three 

different approaches to understanding optical systems. 

Since it is desired to study the effects of track position; 

a diffraction model must be used to find the field after it 

is reflected from the disk and propagated to the CAP. The 

field at the prism is then decomposed into its plane wave 

components. Each plane wave component is then represented 

by a ray. Using conventional ray tracing techniques, the 

ray is propagated through the prism. At each surface of 

the prism, the angle between the ray and the normal of the 

surface is found. Given the angle to the normal, the 

Fresnel reflectance is found. This is continued until the 

ray exits the prism where the total path length for the ray 

is found and converted to the appropriate phase change. 

Thus; each plane wave component is modified both in ampli

tude and phase as a result of the prism. Finally, the al

tered plane wave spectrum is then recomposed into the re

sulting field. The intensity is then found and the FES is 

generated assuming a split detector. 
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Figure 57 depicts the geometry for the analysis of the CAP 

system. The field E4-(X4~Y4) is found as described in 

Chapter Two. For this analysis, E4-(X4 'Y4) is then decom

posed into its plane wave components with the aid of a 

Fourier transform: 

where 

~ = 
cosa 

x 

Eq. 35 

COS8x ' COS8y are the direction for a given plane wave com

ponent. 

As a result of the digital transform, each point in 

the matrix representing E4-(~'n) corresponds to a specific 

combination of direction cosines. Given the direction co-

sines, a bundle of rays are established and traced through 

the prism. At each surface, the angle to the normal is 

found for each ray. If "p" polarized light is being mod-

eled, the following Fresnel equation is used to determine 

the reflectance r at a given surface. p 

r p = 
tan (8 t - 8 i) 

tan (8 t + 8 i) 
Eq. 36 

," 



-----------

131 

D1 D2 

~M,w4 

~ E; 

La I 

Lo 
DISK 

'" CAP 

• 

Figure 57. The layout of the system as modelled with scalar 
diffraction theory. 
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where 

at is the angle to the normal of the transmitted ray 

For 

a. is the angle to 1 
IIS" polarized light 

r = s 

sin 

sin 

a. ) 
1 

the normal of the incident ray. 

the relevant Fresnel result is: 

Eq. 37 

As the ray is traced through the system~ the reflectance at 

each surface is noted. Thus~ after the ray is traced 

through the entire prism, the corresponding reflectances 

are multiplied together. With the effective amplitude 

transmittance of the prism and the path length for a given 

ray, a transfer function is established for the prism: 

i2rr 
OPL(E 'Tl ) ] Eq. 38 

where OPL is the optical path length for a given plane wave 

component and R(E,Tl) is the amplitude reflectivity for a 

given plane wave component. 

The resulting field after the prism is then given 

by: 

Eq. 39 

FF -1 .. . where 1S the 1nverse Four1er transform. 
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Once the field is found, the irradiance is deter

mined and the resulting FES is calculated. 

Modeling Results 

The geometry of the nominal system under study is 

depicted in Figure 58. As a result of the symmetry of the 

situation; the major change in the irradiance at the detec

tor occurs along the "x'" axis. In fact, as will be shown; 

any perturbations of the system which result in changes 

along the "y'" axis have minimal affect on the FES. The 

ideal system consists of an infinite split detector with no 

gaps between the elements. The nominal system possesses no 

apertures; thus the affective N.A. of the system is related 

to the incident Gaussian beam diameter (0.004 m at 1/e2 ). 

General Features 

Figure 59 shows the irradiance at the detector for 

various amounts of focus error. Included in Figure 59 is a 

profile of the y'=O section. Unlike the knife edge tech

nique, the irradiance at the detector is not simply flip

ping with focus to the right or lE~ft of the "x'" axis, but 

rather the distribution is gradually shifting. Depending 

on the focus condition, either the right or left half of 

the plane wave components are more attenuated. This then 

gives an asymmetric nature to the resulting field. As a 

result of this gradual shift of the irradiance 
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Figure 59. The calculated irradiance at the detector for 
the disk 7 micrometers too close (a), in focus (b), and 7 
micrometers too far (c). Included in each is the profile 
of the irradiance along the "XI" axis. 



distribution; the FES is a rather slowly changing signal 

with disk position~ compared to the knife edge technique 

described in Chapter Five. Figure 60 shows the FES for 
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both "p" and "s" polarizations; demonstrating the large 

"lock on" region and correspondingly small gain through the 

origin. 

Detector Perturbations 

Figure 61 presents the affects of the detector ge

ometry on the FES. As expected~ changing the detector's 

dimension along the "y'" axis has no appreciable affect on 

the signal. However~ reducing the detector's width will 

decrease the sensitivity of the FES. The gap width between 

the detectors will increase the sensitivity of the FES 

through the origin at the expense of a smaller linear re

gion and signal magnitude. It should be noted that the 

perturbations presented thus far are referred to the 

nominal beam radius (1/e 2 ) at the detector with the system 

in focus. For the CAP system~ the nominal beam at the de

tector is about 2 rom at 1/e2 radius. Thus, compared to the 

earlier schemes, a perturbation related to one beam radius 

is considerably larger in absolute scale. For example, for 

the knife edge technique, a detector gap of 20 micrometers 

is equivalent to detector gaps for the CAP scheme of about 

2 mm! Since producing gaps on the order of a few 
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pressed as a percentage of the nominal lie radius at the 
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micrometers is common; the criticality of the detector form 

for the CAP is of minor concern. 

The affects of the detector position on the FES are 

shown in Figure 62. As expected; any motion of the detec

tor along the "y'" axis has no affect at all on the FES. 

Likewise; since this system essentially works in a colli

mated beam, changes of the separation of the detector from 

the prism along the "z'" axis have no affect. Moving the 

detector in the "x'" direction, as expected; produces an 

offset in the FES. For a detector displacement of 100 mi

crometers; about 1 micrometer focus offset is introduced. 

Note that in the knife edge scheme; a detector motion of 5 

micrometers caused a similar effect. Again; since the beam 

at the detector is large compared to the earlier schemes 

studied; the allowed perturbations are also large. The 

angle of the detector will affect the sensitivity of the 

FES but not introduce offsets. However, the sensitivity to 

angle is rather slight. 

Prism Alignment Tolerance 

One of the more critical tolerances for the CAP 

technique is the angular alignment of the prism to the beam 

(Figure 63). Small tilts of the prism in an angle about 

the "x'" axis have no affect on the FES. However, tilts of 

the prism about the "y'" axis have a profound affect on the 

FES, in that for angles as small as 0.04 degrees, the 
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Figure 63. The family of FES curves for given amounts of 
prism rotation about the "XI" axis (a) and the "yl" axis 
(b) • 
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signal's sensitivity is greatly diminished through focus. 

The sensitivity to tilt about "y'" results since the 

nominal incident beam angle at the prism surfaces is biased 

to one side of the Fresnel reflectance curve. Thus, before 

any appreciable change in the detector irradiance occurs; 

the system must be further from focus. 

Input Beam Characteristics 

Changing the beam radius entering the prism, either 

by starting with an elliptical beam or by placing an aper

ture at the prism, affects the system much like it does in 

the knife edge technique. Figure 64 demonstrates that 

changing the beam dimension in the "y'" direction has 

minimal affect, whereas beam dimension changes in the "x'" 

coordinate alter the FES considerably. In fact, by chang

ing the beam dimension in the "x'" direction, the slope of 

the FES can be increased or decreased. 

The affects of aberrations on the FES for the CAP 

scheme are shown in Figure 65. Spherical aberration intro

duces offsets and the general error signal shape changes. 

This result is very similar to that of the other schemes 

already described. For both coma and astigmatism, there is 

minimal affect on the FES with the axis of the aberration 

along the "y'" axis. When the axis of the aberration is 

rotated, coma and astigmatism begin to affect the FES sig

nificantly. Since astigmatism is essentially adding an 



~'. 3 

~ 
0.2 

'~ 

0.1 

F 

~ 

\ 
E 0.0 
S 

-0.1 

-0.2 

\, 
'\ 
~ " 

f': 
- -4 0 4 

DISK POSITION (MICROt1ETERS) 

0.3 

0.: ~ 
" '\ 

0.1 
......... ,' ",\ 

'. ':\ .. , 
F ..... ~ 
E 0.0 

1\" 
S 

", 
-0.1 ' ' ... 

\< ........ 
-0.2 

"\ 
-0'~10 -s 0 5 

DISK POSITION (MICROMETERS I 
10 

a. 

"-
O. 2 r---..;:-".~,,-+--~-+--+-~ 

" ~"''''l'\ 
F 0.1 I--t"'-::.,--'I, -r:,:."\-: 1--+-+--1 

~ o. 0:> 1--t--+-~t..~:-.f---+--1 
\"~.>", '. , -0.1 t--t--+--~~'~":.....j.--I 

'\ ....... : ". 
-0. 2 t--+-t--+--l-~~+=':!:.'''......j 

" -0 ·1.·7"6 --:'::4~-!-2:----0:-----..L2 ~..l4-...J 

DISK POSITION (HICROMETERSI 

c. 

143 

b. 

Figure 64. The resulting error signals where the beam ra
dius along one axis is held at O.002M and the beam radius 
along either the "y'" axis (a) and the "X'" axis is varied 
(b). The effects of an aperture of a given radius on the 
FES is depicted in Figure 64(c). 
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b. 

d. 

Fi9ure 65. The FES for varying amounts of s9herical (a), 
coma (b), and astigmatism (d) are presented. Figures 12(c) 
and 12(e) depict the effects of rotating the axis of coma 
(0.5 waves) and astigmatism (0.5 waves) respectively. 
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additional quadratic phase term to the wavefront entering 

the prism; the FES is simply offset; indicative of a re

sidual focus error. The affect of the comatic axis on the 

FES is interesting in that there is a slight alteration of 

the sensitivity of the signal. For all angles of the 

comatic axis; the FES maintains a proper zero crossing. 

Track Interference ("Feedthru") 

The influence of a phase track on the FES is shown 

in Figure 66. If the tracks are oriented; with respect to 

the prism; such that the geometric projection aligns with 

the split of the detector, there is a considerable amount 

of "feedthru". This is expected since the basis of provid

ing phase tracks is to cause such a disturbance. However, 

with the track's projection oriented along the "x'" axis, 

the "feedthru" is eliminated. 

Summary of Results 

Figure 67 is a summary table with respect to the 

major FES parameters. The interesting characteristics of 

the CAP technique include its small slope and corresponding 

insensitivity to detector position errors. The one draw

back to this scheme is the tolerance on the angle in which 

the prism in initially aligned. Also note that, with an 

aperture placed in the system at the objective lens (more 

typical system situation), there is a small amount of 
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Figure 66. The detected feedthru with the tracks oriented 
along the "YI" axis (a) and a typical irradiance distribu
tion (b) are depicted. Figure 66(c) and 66(d) are result
ing feedthru and irradiance distribution for tracks orien
ted along the "X'" axis. The irradiance distributions 
correspond to the system being in focus on the edge of a 
track. 
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Figure 67. A summary table of the various FES character
istics for some typical system perturbations. 
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"feedthru" present. Finally; the amount of "feedthru" was 

greatly increased with coma (as was the case in the other 

schemes discussed). 

Laboratory Investigations 

A CAP was removed from a Olympus model; TAOHS-L 

video disk optical head for the model validation work. 

The first set of experiments validated the general 

characteristics of the FES for an ideally aligned system. 

Figure 68 demonstrates that the theory and experiment agree 

for both the "p" and "s" polarized light. Figure 69 demon

strates that the predicted affects of detector motion were 

observed in the laboratory, demonstrating the relative in

sensitivity to detector motion. 

The affect of prism alignment angle is depicted in 

Figure 70. As predicted in the model, these prisms would 

need to be aligned to about ~ 0.05 degrees to the incident 

beam to ensure proper operation. Figure 71 demonstrates 

that, as in the previous systems~ the model tends to pre

dict the magnitude of the "feedthru". However~ perhaps due 

to problems discussed in Chapter Three~ the form of the 

"feedthru" measured does not match well with the theory. 
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Figure 69. Measured and theoretical error signals for de
tector displacement along the "XI" axis. The displace
ments are in units of millimeters. 
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Figure 70. Measured and theoretical error signals for 
various amounts of prism angular alignme::lt error about 
the nyln axis. The amount of angular error is displayed 
in degrees. 
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CHAPTER SEVEN 

LATERAL SHEARING INTERFEROMETER (LSI) 

Detecting the position of the disk relative to the 

ideal focus in an optical storage system may be addressed 

differently than previously described. The purpose of any 

focus detection scheme is to determine the curvature of the 

wavefront returning from the disk after passing through the 

objective lens. The necessary condition is that the mea

surement of curvature must be transformed into a signal 

which has features as discussed in Chapter One. One tech

nique fo~ measuring wavefront properties is based on the 

lateral shearing interferometer (LSI). The discussion in 

this chapter will describe a technique which exploits the 

use of the LSI for FES generation. 

Ray Tracing Techniques 

Ray tracing has limited use in the analysis of the 

LSI. In principle, the optical path through the inter

ferometer could be traced and a final wavefront inferred 

from the path lengths of the given rays. Once the wave

front is established, the necessary manipulation would have 

to be done to produce the affective interference pattern. 

153 



154 

As in the other cases studied; the properties of the beam 

irradiance may be addressed by initially assigning each ray 

a given value derived from a Gaussian distribution. How

ever, as in the drawback from both the ray tracing and pure 

Gaussian beam results; the affects of the tracks may not be 

studied. 

Gaussian Beam and Scalar Diffraction Analysis 

The previous studies have shown that in some cases, 

such as the astigmatic technique~ many properties of the 

PES may be ascertained from first principles. However~ 

some techniques, such as the knife edge system~ require the 

complete scalar model before predictions can be made. For

tunately the LSI technique is one which may be understood 

from the primary equations that describe the device. 

The geometry for the following analysis is depicted 

in Figure 72. As in the previous chapters, the "z'" axis 

is along the optical axis, with the "X'" and "y'" axes as 

shown. The region marked LSI in Figure 72 represents any 

type of interferometer which will ultimately act on the 

wavefront in the desired manner. As before, the field at 

the interferometer is found via a scalar diffraction model. 

Assuming that the objective lens is modeled with an infi

nite aperture and the disk is modeled as a plane mirror, 

the field at the interferometer may be found using the 

Gaussian beam results. The effect of the aperture size and 
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Figure 72. The basic path for the LSI based focus error 
detection system. 



156 

track geometry is addressed; as in earlier chapters, with a 

complete scalar diffraction model of the system. 

Figure 73 depicts a slightly decollimated wave

front. The wave aberration W(x,y) is approximately the sag 

of the defocused wavefront with respect to a perfect plane 

given by: 

W(x;y) = Eq. 40 

where RO is the radius of curvature of the wavefront. 

If a portion of this wave is slightly sheared in 

the "x'" direction by an amount of Sx' and allowed to com

bine with the original wave, an interference pattern will 

result. 

Use of a plane parallel plate, operating with the 

beam at a 45 degree angle of incidence (Murty, 1964), is a 

simple implementation of an LSI device (this will be the 

technique used in the experimental section of this work). 

The amplitudes of the interfering fields may be found from 

the appropriate Fresnel reflectance results. For this work 

we assume the use of "s" polarized light, and thus the am

plitude of the interfering fields are modeled for this work 

as: 

El -- O. 3EO 

E2 -- O.15EO 

Eq. 41 
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Figure 73. An illustration of the equation which des
cribes the wavefront for a slightly decollirnated beam. 
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where EO is the incident beam amplitude. The resulting in

terference pattern may be obtained by solving the following 

equation: 

w(x,y) - w(x-S ~y) = n~ x Eq. 42 

where W(X-Sx~Y) is the sheared wavefront~ ~ is the wave

length of the field and n is an integer. 

Equation 42 is a statement of the fact that when 

the path difference along a given ray between the two 

fields is an. integer multiple of a wavelength, a fringe 

will be formed. 

The resulting fringe pattern for a defocused field 

can be found by solving the following equation: 

= n~ Eq. 43 

After suitable manipulation, the equation of a fringe is 

found to be: 

x = Eq. 44 

As can be seen by Equation 44, for varying amounts of 

defocus, the fringes are always along the "y'" axis and 

simply change spatial frequency as the amount of defocus 

changes. Another way to interpret this result is to think 

of the sheared wave and original wave as originating from 
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two virtual point sources that are temporally coherent. 

The act of shear is analogous to separating the points by a 

fixed amount. The act of changing the amount of defocus is 

analogous to moving the observation screen along the axis 

dividing the points. Since the sign of "R " has no affect a 
on the fringe shape or orientation; there is no directional 

information concerning the focus error. 

As described by Malacara (1978); the addition of 

tilt to the beam about the axis of shear will produce 

fringes that possess information about the Sign of "RO". 

Figure 74 shows a sheared and tilted beam and the resulting 

expression for the wavefront; for both the original and al-

tered beam. The equation of a fringe may now be found: 

= nA. Eq. 45 

where {1 is the angle of the tilted beam about the "x '" y 

axis. 

Solving this equation and eliminating higher order 

terms yields the following: 

y = 
S x x -

nA. 

tan{} y 

Eq. 46 

Thus, the fringes are now lines whose slope varies with RO 

in such a way than an appropriate error signal may be 
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Figure 74. The geometry and resulting expressions for a 
sheared and tilted wavefront. The shear is along the "X" 
dimension and the tilt is about the "X" axis. 
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detected. Figure 75 demonstrates qualitatively how the 

fringes vary for a given amount of disk defocus, and how a 

simple quadrant detector may be used to generate the FES. 

The design of an LSI to generate the FES involves a 

choice of the amount of shear and the amount of relative 

tilt of the two beams. As Equation 46 demonstrates~ the 

slope of the fringes is dependent on the amount of shear, 

tilt, and defocus. The first parameter to choose is the 

relative tilt of the two beams. The ideal case is to have 

only one fringe at the detector since multiple fringes may 

cause erroneous signals. 

Consider a perfectly collimated beam which is di

vided and combined at a slight angle with respect to the 

original wavefront. The resulting interference pattern is 

a series of fringes which are parallel to the line of in

tersection of the two wavefronts. The fringes are 

separated by an amount ~ given by: 

~ = Eq. 47 

where By is the angle of inclination. 

For a typical optical storage system, the ideal 

collimated beam will have a diameter of about 4 rom at the 

l/e2 point. Thus, for this work, the angle of inclination 
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Figure 75. Qualitative description of the use of a LSI for 
FES generation. 
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8 is chosen such that the fringe separation is about 5 rnm. 
y 

This corresponds to 8 y being about 0.01 degrees. 

The amount of shear to introduce depends on what 

sensitivity the design should possess. In fact; one at-

tribute of the LSI technique is that by choosing the shear~ 

a specific "lock on" range for the FES can be designed. 

Equation 46 shows that the slope of the fringe will be 45 

degrees (which corresponds approximately to the maximum er-

ror signal) when: 

= 1 Eq. 48 

When using results from first order optics Ro may 

be expressed as a function of the disk position about fo-

cus. Thus; rewriting Equation 48 by expressing RO in terms 

of Z; the distance of the disk from focus yields: 

Eq. 49 

Where fO is the focal length of the objective lens; and Zr 

is the separation of the objective to the interferometer. 

Therefore, Equation 49 is an estimate of one-half 

the "lock on" range of the FES. For the work here, a "lock 

on" range of 5 micrometers is desired. Thus, solving for 

S gives a shear of about O.3mm, for the nominal system 
x 

described above. 
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Simulation Results 

Primary Design Features 

The irradiance at the detector for the above design 

is depicted in Figure 76. As predicted, there is one 

fringe and the angle of the fringe is about 45 degrees when 

the disk is about 5 micrometers out of focus. 

The effect of varying the shear in the "x'" and 

"y'" direction is depicted in Figure 77. As discussed 

above, by varying the amount of shear in the "x'" direc-

tion, one may produce a variety of error signals. In fact. 

by changing the sign of the shear, the error signal inverts 

as well. If; in addition to the nominal shear in the "x'" 

direction, some shear in the "y'" direction is added, the 

equation for the fringe now becomes: 

y = 
- S x n.:\. 

x + 

where S is the shear in the "y'" direction. y 

Eq. 50 

The shear in the "y'" direction impacts the slope 

of the fringe as the disk moves through focus. When the 

disk is in focus and RO is infinite, the fringe is hori

zontal. But, depending on the sign of the shear in "y''', 

the slope of the fringe will either change faster or slower 

than the nominal case near focus. In fact, for large 

amounts of shear in the "y'" direction, the error signal 
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Figure 76. Contour plots of the irradiance at the detector 
for the nominal LSI system with the disk 5 micrometers too 
close (a), in focus (b), and 5 micrometers too far (c) from 
the objective lens. 
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finds a maximum for smaller focus errors than the nominal 

case, and crosses zero where the nominal case is maximum 

(Figure SOb). It should be noted that these simulations 

are for shear in the "y'" direction that is comparable to 

that in the "x'" direction. In a specific design, the 

shear along "y'" would tend to be very small and thus, as 

Equation 50 demonstrates, and Figure 77 shows~ this will 

have minimal affect on the FES. 

The other design variable in developing an LSI 

based servo system is the relative tilt of the two beams 

that is introduced. Equation 46 demonstrates that for tilt 

about the "x'" axis, the slope of the fringe can be con-

trolled for a given amount of disk defocus. Figure 78 dem-

onstrates that as the tilt angle is changed the error 

signals have a corresponding slope change through focus. 

Introducing tilt about the "y'" axis results in the equa-

tion of the fringe becoming: 

y = (Sx tan -5x ) X 

RO taoo y tan '~y I 

nil. 

taoo y 

where -5 x is the tilt of the beam about the "y" axis. 

Eq. 51 

Thus, tilt about the "y'" axis has the effect of 

offsetting the error signal. This can be seen from Equa-

tion 51 since, when the disk is in focus (RO =co) , there 

is a non zero slope to the fringe, and thus, a non zero 
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Figure 78. The nominal system consists of tilt about the 
"X'" axis of 0.01 degrees. This series of error signals 
demonstrates the sensitivity to varying amounts of tilt 
about the "X'" Ca) and "Y'" axes (b) . 
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error signal. By evaluating the fringe slope when the disk 

is in focus~ and using the ideal error signal~ the actual 

focus offset may be calculated. 

Detector Characteristics 

Detector geometry affects the focus error signal, 

as depicted in the series of graphs featured in Figure 79. 

In essence, the generation of the focus error signal de

pends on the ability to detect rotation of the fringe from 

the horizontal. Consequently~ varying the detector height 

has little impact on the signal. The dimensions chosen are 

based on the size of the fringe at the detector. Using a 

least squares routine to fit the fringe's profile to a 

Gaussian in the "x" and "y" direction, it was found that 

the nominal fringe radii were about 1.4 rom by 1 rom, at the 

1/e2 point. 

As shown in Figure 79b, a change in the detector 

width affects the FES. Basically, the slope of the error 

signal depends on how much of the ends of the fringe is de-

tected; since this area "moves" the most, for a given 

amount of rotation. Thus, as the detector width is made 

smaller than the beam width, the error signal slope (i.e., 

sensitivity) is greatly reduced. 

Finally, the detector gap dimension has a similar 

effect on the FES for the LSI scheme as for the others. As 

described above, we are detecting the difference of the 
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detectors normalized by their sum. Thus; as the gap be

comes wider than the nominal fringe size, any small fringe 

rotation will result in a small amount of actual light be

ing detected. However, since most of this light is only on 

one set of detectors, the "normalized" error signal is 

large. 

Detector Alignment 

Aligning the detector and understanding the toler

ances a given scheme possesses is critical to the perfor

mance of a device. The LSI based system has features; with 

respect to detector positioning; that are very similar to 

the astigmatic scheme (Figure 80). For detector motion 

along the lines dividing the quadrants, the error signal 

continues to cross zero when the disk is in focus. As the 

offsets along the detector's axes of symmetry become more 

on the order of the fringe size, the error signal becomes 

very degraded. However; one must realize that the fringe 

(l/e2 ) radius is effectively about 1.2 rom and thus, as com

pared to the astigmatic scheme, the LSI technique will 

withstand considerably more detector offset along these di

rections. 

As in the astigmatic scheme, motion of the detector 

along the diagonals of the quadrants of the detector causes 

offsets and signal degradation. Typical detector motion of 

about 0.2 mm seems reasonable, which again is about a 
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factor of 10 larger than for the astigmatic scheme studied 

in earlier chapters. 

Since the LSI technique is based entirely on de

tecting the rotation of a fringe~ the angular orientation 

of the detector is very important. By noting for the ideal 

FES how much rotation of the fringe corresponds to a given 

signa1~ it follows that a corresponding rotation of the de

tector will induce that same amount of offset when the sys

tem is in focus. 

Since, for the LSI technique we are detecting an 

interference pattern resulting from nearly collimated 

beams, it fOllows that the absolute position of the detec

tor along the "z'" axis is of minimal concern (Figure 80e). 

Beam Characteristics 

Changing the fringe size by either altering the 

beam diameter through the system or placing an aperture in 

the path decreases the sensitivity of the FES. This result 

follows from the argument above, which explains that the 

sensitivity of this scheme relies on detectinsr as much 

fringe rotation as possible. As the system is stopped 

down, the fringe size is ultimately reduced to where a 

large amount of focus error is required before any appre

ciable fringe rotation is detectable (Figure 81). It is 

interesting to note that as the fringe size is uniformly 

decreased with a circular aperture, the FES is only 
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Figure 81. The effects of the incident (1/e2;) beam radius 
at the interferometer along the "X'" axes (a) and "Y'" (b) 
axes are shown. The influence of a circular aperture on the 
FES is depicted in Figure 8l(c). The aperture size is de
picted as a percentage of the nominal (lie ) radihls which 
is 0.002 M. 
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minimally affected. This suggests that it is the fringe 

aspect ratio that is of importance. 

Aberrations 

Aberrations affect the error signal; as depicted in 

Figure 82. Each aberration has a predictable influence on 

the FES; based on the shear equations previously developed. 

For spherical aberration, the wavefront is written as: 

w(x;y) = Eq. 52 

where w040 is the amount of the aberration in waves at the 

edge of the pupil. With suitable manipulation, the equa-

tion of the fringe is found to be: 

y = x + Eq. 53 

This equation demonstrates that at focus (RO = o?J), the 

fringe describes a cubic expression, or more simply stated, 

an "s" shape. 

Thus, even at focus there will be a finite error 

signal such that the FES does not pass through zero when 

the disk is in focus. As expected, the sign of the offset 

of the error signal changes with the sign of the aberra-

tion. 
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Figure 82. The effects of spherical aberration (a), coma 
(b), and astigmatism (d) on the FES are presented. The ad
ditional error signal sensitivity to the orientation of 0.5 
waves of coma (c) and astigmatism (e) are included. 
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Placing coma for a general orientation into the 

shearing equation results in a very cumbersome expression 

for the fringe. In the limit that the axis of the coma is 

along the "X'" direction, the fringe equation becomes: 

y = x + Eq. 54 

Equation 54 demonstrates that when near focus the fringes 

describe ellipses. Thus, the zero order fringe is 

minimally affected. In fact, Figure 82c shows that for any 

orientation of coma, the zero crossing and sensitivity of 

the error signal is not affected. 

Writing astigmatism in a general coordinate system 

and then applying the wavefront to the interferometer re-

suIts in the following expression for the fringe: 

SXX nit 2SxW222sin 2 -& 
y = X + + X 

Rotan-&y tan-&y (2W222 sxSin-&cos-&-tan-&y) 
Eq. 55 

where W222 is the amount of the astigmatism at the pupil, 

and -& is the angle of inclination of the aberration. 

Equation 55 demonstrates that, for the disk in fo-

cus, there will be a slight slope to the fringe depending 

on the angle of the astigmatism relative to the shear and 

tilt directions. In fact, as long as the tilt of the 

sheared wavefront is large compared to the astigmatism term 
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in the denominator of Equation 55, the sign of the angle of 

orientation of the astigmatism is irrelevant to the amount 

of offset of the signal. 

Track Interference ("Feedthru") 

The influence of the grooved track on the FES is 

depicted in Figure 83. As with the other techniques, there 

appears to be a preferred orientation of the FES generating 

optics. As demonstrated in Figure 83a and 83b; when the 

shear is along the "x'" axis (Tracks are along the "y'" 

axis) there appears to be large amounts of "feedthru". 

However, with the shear introduced along the "y'" axis, the 

"feedthru" is minimal. The reasons for this behavior will 

be discussed in detail in Chapter Eight when "feedthru" is 

addressed in general. 

Summary of Results 

With respect to the main features of the FES, the 

above studies are summarized in Figure 84. The most severe 

problem with the LSI technique is evident in the amount of 

"feedthru" that is present with a nominal design. As the 

table indicates, slight perturbations in the system result 

in large amounts of "feedthru". 

Laboratory Investigations 

A LSI system was designed that consisted of a Murty 

plane plate interferometer operating at a 45 degree angle 
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Figure 84. A summary table of the effects of various sys
tem perturbations on the FES characteristics for the LSI 
system. 
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of incidence. The design was such as to introduce 0.0003 m 

of shear along the "x'" axis and 0.01 degrees of tilt about 

the "x'" axis. 

When the interferometer was introduced into the 

path presented in Chapter Three, no fringes were observed! 

It was found that the laser described earlier did not pos

sess the necessary coherence length. In fact~ GaAs lasers 

tend to have small coherence lengths (about I rom) which de

pend on the operating power. To remedy this problem it was 

necessary to try difference samples of GaAs lasers at 

various powers until adequate temporal coherence was estab

lished. We found that the Sharp LTOISMD laser~ operating 

near 30 mw, was sufficient. 

Once an adequate laser was identified~ the proce

dure described earlier was performed to characterize the 

optical path. Note that filters were needed to lower the 

actual power on the detector to avoid saturation. The re

alization that the temporal coherence of the GaAs laser is 

possibly too small for this technique suggests that either 

narrow band interference filters or an equal path inter

ferometer may be needed before this scheme is practical. 

One last observation in the laboratory that was 

"overlooked" by the modeling is the possibility of produc

ing a dark fringe at the center of the detector. When 

first setting up the LSI, it was necessary to view the 
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fringe pattern and assure that a bright fringe was produced 

(by adjusting the interferometer position with respect to 

the beam). 

Figure 85 demonstrates that the measured "lock on" 

range and slope were indeed as predicted by the model. The 

measured effects of detector motion on the FES agreed rea

sonably well with theory (Figure 86). As expected~ the 

most critical tolerance in detector positioning is the de

tector angle. 

The measured "feedthru" was consistent with that 

predicted by the diffraction model (Figure 87). Note that 

this amount of "feedthru" corresponds to about 2 microme

ters of focus errors, which was the most observed of the 

four schemes studied. 
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CHAPTER EIGHT 

REVIEW OF THE SCHEMES 

The purpose of this chapter is to review some of 

the more critical phenomena previously discussed. First, 

the implications of using a scalar diffraction model will 

be reviewed. Second, a new FES algorithm, which provides 

larger positional tolerances for the astigmntic and LSI 

techniques, will be described. Third, explanations for 

some of the discrepancies between theory and experiment for 

the various techniques will be offered. Finally, the phe

nomena of "feedthru" will be reviewed. 

Vector and Scalar Diffraction Model 

From the discussions in Chapter Two it is argued 

that using the scalar model for this work is adequate. Un

fortunately when and how the scalar model breaks down is 

not an abrupt effect. During the course of this work two 

vector models were made available for comparing results. 

Through collaboration with Mansuripur we were able to test 

his vector model with the scalar model for a specific as

tigmatic design. Recall that Mansuripur's model is extend

able to high numerical apertures and maintains the 
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polarization of the field through the system. However; 

this model does not treat the disk structure any differ

ently than the scalar model. Thus the disk structure was 

modeled as a phase object. Figure 88 demonstrates that the 

scalar and vector error signals fit almost perfectly for a 

typical design. Furthermore; results from the vector model 

indicated that the polarization dependent fields were a few 

orders of magnitude down from the primary field polariza

tion in the system (Mansuripur, 1987). 

The next vector model that was used for comparison 

is based on the theory as explained by Sheng (1978) and 

implemented by Bobroff (1986). This model treats the disk 

in a more fundamental manner; matching the various boundary 

conditions along the disk's features. Due to the complex

ity of this calculation, the model only treats the problem 

in one dimension. Figure 89 depicts the percent of light 

collected by the objective upon reflection from a grooved 

system (0.6 micrometer, 1/8 wave deep features on a 7.0 mi

crometer pitch). Note that, as predicted by Sheng; the 

scalar results agree closely with the transverse magnetic 

(TM) situation, but show a marked differe~ce for the trans

verse electric (TE) case. Since this is a one-dimensional 

model, its application to predicting focus error signals is 

limited. 
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Figure 88. Predicted FES for an astigmatic system for 
both the vector model by Mansuripur, and our scalar model 
(a). The specific system design is included in Figure 

88(b). 
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Figure 89. The effective reflectance as a groove (1/8 
wave deep/D.6 micron width/? micron pitch) is scanned by 
our nominal system design for the vector and scalar mo
dels. To simulate a perfect reflecting structure the op
tical constants for Gold were used in the vector model. 
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Although the effective reflectivity for the two 

states of polarization are different, one must consider how 

the functional form of the irradiance at the detector dif

fers for the scalar and vector models. Sheng develops a 

signal at the objective pupil that indicates the asymmetry 

of the irradiance with respect to the geometric image of 

the track. Sheng demonstrates that with a 0.85 N.A. objec

tive, the irradiance symmetry is near equal for the vector 

and scalar models with a 1/8 wave deep, 0.5 waves wide, 

groove. 

From the results of the vector work, our laboratory 

measurements are suspect since elliptically polarized light 

was incident at the objective. Thus, together with the un

certainty of the measurement as described in Chapter Three, 

it is encouraging that the correct magnitude of the 

"feedthru" was observed. 

Improved FES Algorithm 

As described in previous chapters, one problem with 

any given scheme is the effect of detector motion on the 

offset of the FES. Recently a technique was discovered 

(Cohen, Davie, and Underwood, 1985) which greatly reduces 

the sensitivity to detector motion for the astigmatic and 

LSI schemes [during the preparation of this manuscript a 

patent (United States Patent 4,661,944) was issued that de

scribes similar work]. The conventional algorithm that is 
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used to generate the FES is shown in Figure 90 ~~ong with 

the new algorithm. The following is a proof that, for any 

given lateral detector motion, the new algorithm will re

duce the focus offset (i.e., the FES will cross zero when 

the system is in best focus). 

Consider a coordinate system (Figure 90) such that 

the axes lie along the lines that divide the quadrants of a 

detector. If the irradiance I(x;y) at the detector is 

separable in this coordinate system; then we may write: 

I(x;y) = g(x)h(y) Eq. 56 

Assuming that the detector gap is zero and the de-

tector size is infinite; we may calculate the FES for a 

general detector displacement: 

(A+C)-(B+D) 
OLD ALGORITHM; FES = 

FES 



FES =«A+C)-CB+D»/(A+8+C+D) 
(OLD) 

Y 

I(X,Y) 

x 

FES =«A-D)/CA+D»+«C-B)"/(C+B» 
(NEW) 

OR 

FES =«A-B)/(A+B»+«C-D)/(C+D» 
(NEW) 

Figure 90. Quadrant detector coordinate system and the 
corresponding technIques for computing the FES. 
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where t>x,t>y are the detector displacement along the "x" and 

"y" axes, respectively. Note that if t>x=O or t>y=O; and 

both h(x) and g(y) are even functions; then the FES will 

remain zero; if in focus (as discussed in earlier chapters) 

for the astigmatic and LSI techniques. However; if t>xfO and 

t>yfo, or g(x) or h(x) are not even functions; then in gen-

eral there will be an offset in the FES. 

Consider the same problem when the "new algorithm" 

is applied: 

A-D C-B 
NEW ALGORITHM; FES = - + 

A+D C+B 

o ~ 0 0 

[l~(x-t>X)dX lh(y-t:;y)dY - i,2(X-t:;X)dX J;(y-t>Y)dY] 

= Jg(X-~X)dXSh(Y-~Y)dY 
~ -d) 

[ i:(X-t>X)dX l~(y-t:;Y)dY - r;(X-t:;X)dX l:(y-t:;y)dY] 
+!:> -pO )~ (7 

F (x-t:;x) dxlh(y-t:;y) dy 
c:> () 

FES 

= 

o 0 0() 

~(y-t>Y)dY - j(h(y-t>Y)dY ~h(Y-t>Y)dY - Jlh(y-t:;y)dY 
<!J -~ +~ 9 Jt (y-t:;y) dy J;:{ y-t>y) dy 

-~ -~ 

= 0 all t:;x,t>y Eq. 58 
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Note that independent of the detector motion, the FES re

mains zero; assuming that the irradiance is separable in 

the coordinate system of the detector (also; independent of 

the function symmetry). 

The astigmatic and LSI techniques are based on the 

fact that the irradiance is separable in the detector co

ordinate system when the system is in focus; but the 

separability is destroyed as the system moves out of focus. 

These predictions were verified both with the scalar model 

and in the laboratory as shown in Figures 91 and 92. 

Astigmatic Scheme Reviewed 

Figure 93 is the measured and theoretical signal 

discussed in Chapter Four for the astigmatic scheme. It 

appears that our model fits the region near the origin 

nicely, but poorly near the extremes of the curve. When 

the disk is 10 microns too close, using either the Gaussian 

beam results or the scalar model results, we find that the 

FES should be almost unity, whereas we measure an FES of 

about 0.8. 

One possible explanation is that the aberrations in 

the system were larger than originally measured and thus 

the irradiance at the detector is more diffuse than ex

pected (less of a line image at the astigmatic foci). How

ever, various simulations using large amounts of aberra

tions, were performed yielding limited success in 
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Figure 93. Measured and predicted error signals for the 
astigmatic system using the original ideal scalar model 
(a) and a model which imposes 5% crosstalk between adjacent 
quadrants (b). 
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explaining the discrepancy. Another explanation is that 

the quadrants are not ideally isolated from each other. 

Figure 93b demonstrates that if 5 percent of the signal 

from adjacent quadrants is exchanged~ then indeed the FES 

is diminished in magnitude at the expense of the fit 

through the origin. This amount of crosstalk between quad

rants is consistent with typical manufacturers specifica

tions (Silicon Detector Corporation, 1986). 

Knife Edge Technique Reviewed 

The discussion in this section will review the 

laboratory results concerning the use of apertures for con

trolling the FES. Figure 94 demonstrates the large incon

sistency between the prediction of the model and the mea

surement when an aperture is introduced at the knife edge 

feature. The slope of the FES, as predicted by the model, 

should be smaller for a given focus error as the aperture 

is made smaller. However, we observed a very slight de

crease in the FES and only observed a significant change 

when the aperture was at its minimum dimension. We must 

determine what could possiblY cause limited change in the 

measured FES slope when theory predicts a significant de

crease. 

Exhaustive simulations were performed, introducing 

aberrations, detector misalignments, detector crosstalk, 

etc., to no avail. Finally, a study was done in which the 



F 

E 

S 

F 

E 

S 

I.O~----~----~----~----~ 

:h..~ __ ~ A 

".:.., 
0.5~--~~~\_~:'~-+------~--~ 

\... ..... '.J 

0.0 

-0.5 

'. , " : ....•. \-

~ 
\.~ .. ~ 

\ ..... ---- '"' \\ ......... ~ 
. ~ .... r····: """"\ 
\ , : 

\ . ..: '- "'-" 0- \"', 
'\.._" ..... 

-1.UIO -5 a 5 10 

DISTANCE OF DISK FROM FOCUS (~) 

1.0 

~.~ 

~. 

'i . " 
\ I . 

. '. 
\ 

0.5 

i 

i\ .. ~ 
"., . 
.. " "-

"'.\ ........ , .. ' 
"~.~ 

...;; 

0.0 

-0.5 

-l.U lO -5 0 5 10 

DISTANCE OF DISK FROM FOCUS (Urn) 

- 1.2MM 
... - 2MM 
--- 3MM 
-" OPEN 

- OPEN 
"'- 3MM 
--- 2MM 
_ .. 1.2MM 

199 

Figure 94. The theoretical (a) and measured (b) error 
signals for various aperture diameters at the knife edge. 
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aperture was laterally displaced (vertical aperture dis

placement with the knife edge horizontal). The results of 

that simulation show that when the aperture is offset, 

small vertical amounts (tenths of millimeters for these 

systems, away from the knife edge) from the ideal place

ment, the FES tends to resemble that of the system without 

an aperture. Further research in the literature revealed a 

FES technique which is based on this effect (Ando; 1985). 

Thus it is argued that when an aperture is introduced in 

the lab, what is seen is the combination of two effects~ 

one from the knife edge and one from an offset aperture. 

To test this hypothesis, we returned to the· labora

tory with a fixed aperture (1.8 rom diameter) and more 

adjustable mounting hardware. The aperture was stepped 

through various vertical positions (i.e., the knife edge is 

horizontal) as the FES was monitored. As demonstrated in 

Figure 95 we were able to observe the predicted FES (note 

the large difference in slope). Figure 95 also demon

strates that for a 0.25 rom aperture displacement, the FES 

begins to approach that of the system sans an aperture (as 

predicted by the scalar model). 

Further work in the laboratory was performed with 

smaller apertures (1 rom diameter) with limited success, 

mainly due to the poor signal to noise experienced with the 

system. 
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Figure 95. Theoretical and measured error signals for the 
knife edge system with a 1.8 rom diameter aperture nominally 
placed (a) and vertically displaced 0.25 rom (away from the 
horizontal knife edge) (b). 
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Based on the above work, it is apparent that the 

scalar model was correct in predicting the effect of aper

tures on the FES. However, in the future, attention must 

be paid to the alignment and signal level for systems with 

small apertures. 

CAP Reviewed 

In this section the CAP tilt experiments versus 

simulation results will be addressed. The data in question 

is depicted in Figure 96. The major discrepancy result is 

that a zero slope is predicted for the FES, whereas the 

measured slope, although greatly diminished from the ideal 

is not quite zero. The zero slope situation occurs when 

the prism is tilted such that the initial collimated beam 

impinges on the prism surfaces at angles greater than the 

critical angle. Thus, for small disk displacements, the 

angle of incidence for the rays making up the return beam 

are still larger than the critical angle. 

Apparently (in the lab) there must have been an 

asymmetry in the system as the target was swept through fo

cus. One possible explanation is the effects of prism 

manufacturing tolerances. For example, Figure 97 demon

strates that if the prism surfaces are not parallel to 0.01 

degrees, the tilt data for the 0.04 degree misalignment may 

be explained. However, the assumption that the prism is 
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Figure 97. Measured and predicted error signals with a 
prism that has a parallelism error of 0.01 degrees with 
the CAP system ideally aligned and tilted at 0.04 degrees 
(a) and 0 .08 degrees (b). 
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poorly constructed, does not explain the discrepancy for 

prism tilts of 0.08 degrees. 

Although there is not perfect agreement of theory 

and experiment, we submit that the nature of the effect 

(i.e, a pronounced decrease in the FES slope) was observed 

and that the remaining discrepancy may possibly be due to: 

1. non-uniform spatial detector response, 

2. limited resolution in the scalar model for 

simulating subtle irradiance variations, and 

3. system alignment errors. 

LSI Reviewed 

The experimental work with the LSI failed, at 

first, due to the lack of adequate temporal coherence of 

the original GaAs laser. However, once a suitable laser 

was found, the laboratory results agreed nicely with 

theory. 

"Feedthru" Reviewed 

As described in earlier chapters, one problem as

sociated with the various focus detection schemes is the 

interference caused by the presence of a grooved track. 

For this work we have termed this phenomena "feedthru". In 

recent literature (Ito, Yoshimoto, Watanabe, and Kube, 

1985) other FES generation techniques have been described 

which specifically address the minimization of "feedthru" 
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(sometimes referred to as crosstalk). Our purpose, at this 

point, is to offer possible explanations for the presence 

of "feedthru" for the FES generation schemes discussed. 

Chapter Two included the development of the basic 

set of equations that predicted the field just prior to the 

various FES generation optics. Upon close inspection of 

the theoretical results~ it can be concluded that, if the 

system is described without a circular aperture~ then the 

final solution would be separable with respect to the "x" 

and "y" axes. Furthermore, if a grooved track is intro

duced, oriented along the "y" axis, the separability is 

preserved. Thus, one would not expect any motion of the 

grooved disk along the "x" axis (i.e., across the track) to 

cause any change in the profile of the final field along 

the "y" axis. As described earlier, depending on the depth 

of the groove~ the field distribution along the "x" axis 

will change as the track is scanned. 

Thus, from the description above, one expects that 

as the track moves across the focused spot (i.e., along the 

"x" axis) the field prior to the detection optics "sloshes" 

along the "x" axis only. Thus it is important to configure 

the various FES generation optics to eliminate any induced 

"feedthru". For example, it was shown that orienting the 

knife edge perpendicular to the track's geometric projec

tion (i. e., along the "x" axis), for the obstruction knife 
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edge technique; minimizes the "feedthru". Also; "feedthru" 

will result if the detector is not properly aligned. These 

"obvious" causes of "feedthru" will not be discussed here 

since they have been summarized in previous chapters. 

Rather, the absence or presence of "ieedthru" in a per

fectly aligned system; will be investigated. 

If a quadrant detector is placed in the path prior 

to the FES generation optics, and the difference of the 

right half (positive "x") and the left half plane (negative 

"x") signals- are taken; Rn error signal will result (assum

ing a A/8 deep groove) which is indicative of the position 

of the focused spot on the groove. This signal is termed 

the "far field tracking error signal" (TES). Furthermore, 

if the signal on the top of the quadrant detector (positive 

"y") is subtracted from the bottom (negative "y"), a signal 

results that is termed (for these purposes) "up/down". 

A number of simulations were performed to investi

gate the influence of system separability on the presence 

of a finite "up/down" signal for track motion along the "x" 

axis. It was found that when the system is totally 

separable; there is a zero "up/down" signal. When the 

separability was slightly broken,with a circular aperture, 

a zero "up/down" signal was still observed. When the inci

dent beam was changed from a Gaussian distribution to a 

uniform distribution, resulting in a non-separable focused 
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spot profile (i.e., an Airy pattern)~ a zero "up/down" sig

nal was observed. 

One blatant violation of the separability condition 

is to illuminate the system with a non-separable field. 

Figure 98 demonstrates that when an elliptic Gaussian beam 

whose principle axes lie at 45 degrees to the system coor

dinate axes is incident on the system, a finite "up/down" 

signal results. Thus~ these results suggest that the de

gree of separability plays an important part in the amount 

of coupling of the resulting distributions along the "x" 

and "y" axes. 

Reviewing the results in earlier chapters~ it is 

found that the astigmatic technique suffers from "feedthru" 

even when no aperture is present. This may be traced to 

the fact that the nominal astigmatic system has the astig

matic axes oriented at 45 degrees to the geometric projec

tion of the track (i. e., the "y" axis). Thus the total 

system is not separable in the coordination system of the 

disk. This configuration was chosen since, if the astig

matic axes are oriented along or perpendicular to the 

track, a severe amount of "feedthru" results. 

Both the obstruction knife edge and CAP techniques 

possess separable symmetry, and, as shown earlier, do not 

suffer from "feedthru" when circular apertures are absent. 

As was shown in the summary tables for each of these 
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systems; when any perturbation is introduced that upsets 

the separability, "feedthru" results. For example, when a 

circular aperture is introduced in the knife edge tech

nique, at the objective lens, a small amount of "feedthru" 

is produced. However, a simulation was performed where the 

circular aperture was replaced with a square aperture and 

indeed the "feedthru" was eliminated. Thus the results 

from these two schemes both support the concept of separa-

bility and its role in "feedthru". 

The LSI scheme, without any separability breaking 

components, was shown to possess a minimal amount of 

"feedthru" if the shear was in the direction along the 

track (the "y" axis) with the tilt being about that same 

axis. When the shear is along the axis perpendicular to 

the track (i.e., shear along the "x" axis), with the cor

responding tilt about the "x" axis, the "feedthru" was 

quite large. Thus, even though the system was "separable" 

just as in the other techniques, there appears to be a pre

ferred arrangement to minimize "feedthl."u". A possible ex

planation for this result is presented in Figure 99. It 

has been shown by others (Bratt, et al., 1978) that the 

field incident on the FES generation optics may be thought 

of as arising from the interference of diffraction orders 

from the disk. Specifically, the +1, 0 and -1 orders are 

present and overlap to form the irradiance distribution 
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bution of the field resulting from the LSI technique. Here 
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discussed above. As the focused spo't scans the track 

groove, the relative phases of the diffraction orders 

change such that (for A/8 deep grooves) the resulting 

irradiance distribution appears to "slosh" along the axis 

perpendicular to the tracks ("x" axis). 

As shown in Figure 99 it may be considered that 

(with the focused spot on the groove) the wavefront at the 

LSI, to first order, will possess a specific profile along 

the "x" axis, but be constant along the "y" axis. Consider 

dividing the resulting field i:nto two beams, tilting one 

beam about the "x" axis, and then recombining the two 

beams. The resulting irradiance distribution will be that 

of a fringe (or set of fringes, depending on the amount of 

tilt) along the "x" axis. If, before combination, one beam 

is sheared along the "x" axis, Figure 99 demonstrates the 

resulting phase difference will no longer be a constant 

along the "x" axis. In fact, when moved along a path of 

constant phase difference (i.e., a fringe represents where 

the phase difference is constant) it is found that at the 

extreme right and left portions of the pupil, the relative 

phase may be advanced or delayed. Thus, instead of observ

ing a perfectly horizontal fringe, the fringe will be 

slightly displaced in the positive "y" direction (perhaps 

on the right side) and displaced in the negative lIy" direc

tion on the left side of the pupil. The resulting fringe 
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will appear to be "s" shaped and provide a finite FES. As 

the track is scanned, the relative phases in the diffrac

tion orders change~ complicating the above process. How

ever, the resulting irradiance distribution should be con

sidered as being composed of some subset of this "s" shape 

distribution. 

Figure 100 is an enlargement of the predicted 

irradiance distribution at the detector with the shear 

along the "x" axis (the tracks are along the "y" axis and 

the spot is centered on the 0.6 micrometer groove). It is 

interesting to note that the fringe is no longer perfectly 

horizontal, but does possess a slight "s" shape. 

The above argument is consistent with the results 

from Chapter Seven in that, if the shear is along the "y" 

axis, in which the phase in the pupil has a constant pro

file, the above phenomena will not result and the 

"feedthru" should be minimal, if not zero. 

In conclusion, it appears that for the astigmatic, 

knife edge, and CAP schemes, the presence of "feedthru" is 

indicative of a non-separable system. However, for the LSI 

technique, it appears that a more involved phenomena is oc

curring which is highly dependent on the nature of the 

phase distribution in the pupil relative to the direction 

of shear and tilt. 



60 

50 

y 40 

A 
i 30 
5 

20 

10 

10 

214 

20 30 40 50 60 
X AXIS 

Figure 100. The resulting irradiance at the detector for 
the LSI technique when the shear is along the axis perpen
dicular to the track. For this graph, the system is fo
cussed on the center of the track. 



CHAPTER NINE 

SUMMARY AND CONCLUSIONS 

Based on the evidence presented, the applicability 

of the scalar diffraction model to the problem of FES gen

eration has been demonstrated. It has been shown that the 

scalar model predicts, in most instances, effects readily 

measurable in the laboratory. Further extensions of the 

modeling techniques to higher N.A. and smaller disk fea

tures have been presented. 

with the model validated, a design tool has been 

created which allows one to ascertain the various at

tributes of a given FES system. Six main figures of merit 

have been identified to describe a FES; and the effects of 

system perturbations on these parameters have been pre

sented. 

Throughout this work, it was hoped that of the four 

FES schemes described, a clear choice could be made as to 

which scheme possessed the most qualities. However, since 

each technique has many unique features, an optimum design 

could not be chosen. Thus, this work should be treated as 

a catalogue, describing the various techniques; which 
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216 

technique is most suited for a given application will have 

to be determined. 

The following section will first summarize the com

mon characteristics of each scheme as it applies to the six 

figures of merit, and then describe the unique characteris

tics of each scheme. The final section will suggest pos

sible extensions of this work. 

Common Characteristics Summary 

with respect to the slope of the FES, the knife 

edge and CAP technique values are basically dependent on 

the objective lens properties only. However, with the as

tigmatic and LSI techniques, there is freedom to design for 

a specific slope. This work indicates that the slope for 

the CAP technique tends to be small, whereas the slope of 

the knife edge technique may be unnecessarily large. De

pending on the design, the LSI or astigmatic technique may 

approach either of the extremes. 

The linearity, as measured by a regression coeffi

cient over a 2 micrometer range, approached unity for all 

schemes. 

with respect to the lock on range, the designer has 

limited control for the knife edge and CAP techniques. The 

CAP provides the largest lock on range, with the knife edge 

providing the least range. Again, as above, the LSI and 



astigmatic techniques afford the designer the trade-off 

between the lock on range and slope of the FES. 
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The amount of offset of the FES is generally depen

dent on the sensitivity to detector alignment. In all 

cases, if other perturbations are present (e.g. aberra

tions) it may be assumed that the detector will be aligned 

to minimize the induced focus offset. The amount of detec

tor motion to produce a given focus error generally depends 

on the slope of the FES and the beam size at the detector. 

Since the knife edge technique operates with the beam fo

cussed at the detector, severe offsets result for detector 

displacements on the order of a few micrometers. However, 

with the CAP and LSI techniques~ the allowed detector dis

placements are on the order of tenths of millimeters. It 

appears from this work that the astigmatic techniqu~ offers 

the best compromise between slope~ lock on range, and the 

detector motion induced offsets. Furthermore, with the 

added advantage of the improved algebra, the astigmatic and 

'LSI techniques approach the CAP in detector motion insensi

tivity. 

The percent allowed uncorrelated fluctuation on a 

given detector cell, for a 0.1 micrometer offset is di

rectly related to the slope of the FES. Thus as above~ the 

knife edge technique will allow more uncorrelated detector 

cell fluctuations with the CAP technique being the most 



sensitive. Again, one may choose the astigmatic and LSI 

designs appropriately. 
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As optical storage technology matures, it appears 

that the above figures of merit are less important than the 

problem of "feedthru." If one has a sufficient linear 

range, any reasonable offsets may be eliminated with elec

tronic techniques. However, "feedthru" may limit the over

all performance of the system and very little may be done 

electronically. Nominally, the knife edge and CAP tech

niques are free of "feedthru" based on arguments presented 

in Chapter Eight. However, when various perturbations are 

introduced, such as aberrations, all of the techniques suf

fer from some degree of "feedthru." It is interesting to 

note that in all cases, coma tends to cause large amounts 

of "feedthru." 

Unique Characteristic summary 

It appears that the astigmatic technique, which by 

far requires many more adjustments and design ccnsider-

at ions than the other systems presented, offers a compro

mise to the problems discussed above. Although "feedthru" 

will occur for this technique, careful design and alignment 

will minimize this effect. Also, this work has shown that 

with the new algorithm the lateral position of the detector 

becomes less of a concern. However, the astigmatic 
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technique requires detector alignment along the optical 

axis as well as angular orientation of the astigmatic sys

tem. 

One interesting result from this work, regarding 

the knife edge technique, is how independent the FES is on 

the second lens, and knife edge position. However, this 

work has revealed that the position stability of the detec

tor and the susceptibility to "feedthru" that this tech

nique possesses, casts shadows on its applicability. 

The CAP technique tends to offer a compromise be

tween slope and detector motion insensitivity. A closer 

look at the CAP has revealed that the alignment tolerance 

on the angle of the beam to the prism is severely small. 

We find that angular alignment must be held to better than 

+- 0.05 degrees. 

The LSI technique appears to offer some control to 

the designer in that it allows relatively large amounts of 

detector motion in the lateral direction and is independent 

of the detector motion along the optical axis. However, as 

this work has revealed, the LSI technique has limited 

application unless the source has adequate temporal coher

ence. 

Future Work 

The ultimate FES generation technique is one wllich 

requires the lowest cost components and may be assembled to 
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mechanical tolerances (i.e., without any alignment based on 

signal quality) e Of t!''le above techniques, the CAP and LSI 

may approach the idea"l system but specific design and 

manufacturing tolerances must be explored. 

This work has uncovered many of the characteristics 

of the various error signal generation techniques. In ad

dition to evaluating newer techniques with the tools estab

lished, future work in this area may include: 

1. In depth analysis (scalar and vector diffrac-

tion) of the "feedthru" phenomena and how it depends on 

such parameters as groove geometry and higher numerical ap

ertures. 

2. "Second order" investigations where "fixed" pertur

bations are introduced into the system (e.g., aberrations) 

and corrective adjustments ar~ simulated. 

3. Application of the sct.l.lar model to tracking error 

signal generation. 

4. Vector diffraction implications in FES generation. 

s. Manufacturing automation of the testing and align

ment of the FES generation optics. 

6. Application of the new algorithm to the various 

tolerances and "feedthru." 
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