
Noise reduction techniques for
holographic information storage

Item Type text; Dissertation-Reproduction (electronic)

Authors Gao, Qiang

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:51:21

Link to Item http://hdl.handle.net/10150/282620

http://hdl.handle.net/10150/282620


INFORMATION TO USERS 

This manuscript has been reproduced from the microfilm master. UMI 

films the text directly from the original or copy submitted. Thus, some 

thesis and dissertation copies are in typewriter fece, while others may be 

from any type of computer printer. 

The quality of this reproduction is dependent upon the quality of the 

copy submitted. Broken or indistinct print, colored or poor quality 

illustrations and photographs, print bleedthrough, substandard margins, 

and improper alignment can adversely affect reproduction. 

In the unlikely event that the author did not send UMI a complete 

manuscript and there are missing pages, these will be noted. Also, if 

unauthorized copyright material had to be removed, a note will indicate 

the deletion. 

Oversize materials (e.g., maps, drawings, charts) are reproduced by 

sectioning the original, beginning at the upper left-hand comer and 

continuing from left to right in equal sections with small overlaps. Each 

original is also photographed in one exposure and is included in reduced 

form at the back of the book. 

Photographs included in the original manuscript have been reproduced 

xerographically in this copy. Higher quality 6" x 9" black and white 

photographic prints are available for any photographs or illustrations 

appearing in this copy for an additional charge. Contact UMI directly to 

order. 

UMI 
A Bell & Howell Inforaiation Company 

300 Noith Zeeb Road, Ann Aibor MI 48106-1346 USA 
313/761-4700 800/521-0600 





NOISE REDUCTION TECHNIQUES FOR HOLOGRAPHIC 
INFORMATION STORAGE 

by 

Qiang Gao 

Copyright© Qiang Gao 1998 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING 

in Partial Fulfillment of the Requirements 
For the Degree of 

DOCTOR OF PHILOSOPHY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1998 



UMI Nximber: 9829357 

Copyright 1998 by 
Gao, Qlang 

All rights reserved. 

UMI Microform 9829357 
Copyright 1998, by UMI Company. All rights reserved. 

This microform edition is protected against unauthorized 
copying under Title 17, United States Code. 

UMI 
300 North Zeeb Road 
Ann Arbor, MI 48103 



THE UNIVERSITY OF ARIZONA ® 

GRADUATE COLLEGE 

9 

As members of the Final Examination Committee, we certify that we have 

read the dissertation prepared by Qiang Gao 

entitled Noise Reduction Techniques for Holographic Information 

Storage 

and recommend that it be accepted as fulfilling the dissertation 

requirement for the Degree of Doctor of Philosophy 

^ ^ /I ^ 
Raywtbnd Kostuk _ A Date 

Date 

Richard W. Zit^lkowski 

Date 

Date 

Final approval and acceptance of this dissertation is contingent upon 

the candidate's submission of the final copy of the dissertation to the 

Graduate College. 

I hereby certify that I have read this dissertation prepared under my 

direction and recommend that it be accepted as fulfilling the dissertation 
requirement. 
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Abstract 

The effects of wavefront conditioiiing on the performance of holographic optical 

data storage systems is investigated. The physical origins of various noise mechanisms 

which degrade the SNR of the holographic storage are studied for the thin phase(DCG) 

and the photorefractive crystal( LiNbO^) recording materials. Dependence of the noise on 

various system parameters such as focal length, pixel size, niraiber of pixels and material 

parameters are studied. An algorithm is developed to design pseudorandom phase masks 

which can improve the signal-to-noise ratio for a given system. The noise reduction by 

using pseudorandom phase mask and a Galilean configuration are investigated 

theoretically and experimentally. Significant improvement to the signal-to-noise ratio of 

holographic storage systems is demonstrated experimentally. 
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Chapter 1: Introduction 

"With a wavelength A = J /um, this would lead to a storage capacity of the order of lO'^ bits per 

cm' " P. J. van Heerden 

1.1 History 

The above statement quoted from P. J. van Heerden's[1963] historic paper refers 

to holographic storage systems, which are the subject of this dissertation. Theoretically, 

holographic storage holds the promise to store all information in the Library of Congress 

in a volume less than the size of this thesis. 

Holography or "wavefront reconstruction" was invented in 1948[Gabor]. The 

concepts of using holography for 3-dimensional information storage was proposed in 

1963[P.J. van Heerden]. Since then, many efforts have been devoted to holographic 

information storage. Though it has yet to be demonstrated that holographic storage is a 

commercially viable technology, many new developments during the last three decades 

are bringing it closer to reality. For example, angular, wavelength, and phase encoding 

multiplexing techniques have been developed. The interest in holographic storage has 

also contributed greatly to the advancement and discovery of many new holographic 

recording materials[Jenny, Maniloff, Pu]. An excellent guide to holographic storage from 

a historic perspective is available, the "Selected Papers on Holographic Storage", SPEE 

Milestone Series Vol. 95, edited by Glenn T. Sincerbox and published in 1994. In the 

following, we will present a brief summary of past research efforts that are directly 

relevant to this dissertation. 
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A typical holographic storage system records either a Fourier or a Fresnel 

transform of digital input data. A 4-f system storing Fourier holograms is a typical 

configuration[Bemal], due to advantages such as maximized storage density, minimized 

exposure time, and the fact that Fourier holograms are more tolerant to the local defects 

in the recording medium than other forms of holograms. However, one major problem 

associated with storing Fourier holograms is the large intensity spike at the center of the 

hologram, which often saturates the dynamical range of recording material and causes 

high error rates when the stored data is read out. A two level random phase mask was 

first proposed for holographic data storage by Burckhardt[1969] as a means to spread out 

the light distribution in the recording medium. A random phase mask selectively diffiises 

the incident beam into a more uniformly confined region where the recording is made. 

This improves both the dif&action eflBciency and the signal-to-noise ratio of the 

reconstructed image. Multilevel random phase masks were first studied by Y. Takeda, et. 

al.[1972] where they showed how to improve hologram performance over that obtained 

by defocusing methods. A theoretical analysis of the power spectra of one dimensional 

phase pseudorandom sequences was first presented by Y. Nakayama et. al.[1979], who 

showed that the power spectrum of a pseudorandom phase mask can be made more 

uniform than those from random phase masks. However, there has been very little 

research activity on the study of using random or pseudorandom phase masks for 

holographic storage, though considerable effort has been carried out on the design of 

pseudorandom random phase dififiisers for conditioning laser beams[Dixit] and for 

computer generated holograms[Brauer]. In particular, the design principles and the 
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algorithm formulated by F. Wyrowski et. al. [1988,1990] have been used here to develop 

an algorithm to design a phase mask for holographic data storage. 

Designing a phase mask for holographic storage is more complicated than for 

laser beam conditioning, due to the additional requirement that the image degradation due 

to the presence of phase mask must be small. Theoretically the presence of the phase 

mask should have no effect on the playback image since the phase is not detected by the 

image sensor. However, this is only true when the imaging system is perfect. For a real 

system with limited resolution, the phase mask can cause interference noise between 

adjacent pixels. This problem has not been addressed by previous research. As will be 

discussed throughout this dissertation, the control of the wavefront properties in both the 

recording region and the playback image plane is very important for improving several 

aspects of the holographic storage process. 

With the availability of high precision computer controlled micro-positioning(or 

nano-positioning) equipment, spatial light modulators, fast CCD detector arrays and high 

power diode lasers, there has been growing interest in digital holographic storage 

systems [Psaltis]. These improved components make it possible to carry out more detailed 

experimental studies of various issues important to the success of holographic 

information storage. For example, a precision holographic memory tester has been built 

in order to study various new recording materials and other system issues such as 

mechanical alignment tolerances, etc.[Bemal]. 

One of the major limitations on the performance of holographic storage systems is 

the relatively high error rate in the reconstructed image data. This problem is common to 
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holographic storage using currently available recording materials. All possible 

imperfection and noise sources, such as scattering, electronic noise, material defects, can 

contribute to performance degradation. However, to the best knowledge of the author 

the dependence of the noise on various system and material parameters is not well 

understood and knowledge of the primary noise mechanisms under various conditions is 

not available from published literature. The experimental results reported in the literature 

vary widely for different materials and different systems. The situation is further 

complicated by the fact that few of these experimental studies are presented with 

complete recording parameters, such as reference-to-object beam ratio, etc. One of the 

highest SNR values was reported by Burr[1996] about 14 for a 1,000 page/per location 

holographic memory system using photorefractive LiNbO 3 crystals. This corresponds to 

a Bit-Error-Rate (BER, which measures the probability of a data bit to be an error) of 

10'", assiraiing a gaussian error distribution. For read-only data storage using Du-pont 

photopolymers, the digital SNR without using a phase mask was only about 3.5[Pu], 

which corresponds to a BER of 10"^. Though these numbers are roughly comparable to 

those in other data storage technologies, further improvement is needed to fulfill the 

potential capacity of holographic storage. 

There are two approaches to reducing BER in holographic storage systems. The 

first is to use error correction algorithms, which add redundant information to the input 

data and correct possible errors according to a given coding scheme. Currently error 

correction coding for holographic storage is an active area of research[Neifeld], and it is 
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likely to lead to significant reduction in the overall system BER. However, the capability 

of such error correction schemes is limited by the complexity and latency of the 

integrated circuitry, which is needed to implement such coding on the hardware level. It is 

unlikely that coding schemes can completely provide a solution to the error problem in 

the holographic storage. This is especially true if the physical origin of various noise 

contributions are not well understood. The second approach is to reduce noise at the 

physical hardware level. This approach is the focus of this dissertation. 

The random phase mask method introduced above was proposed to alleviate two 

major difficulties experienced by current holographic storage technology; the low 

diffraction ef5ciency(low output signal) and relatively high error rate(compared to its 

throughput). The random phase mask diffuses the incident beam selectively into a region 

uniformly, so that the high intensity contrast problem which is present in a typical 

holographic storage recording configuration can be reduced. However, as will be 

discussed throughout this dissertation, the phase mask design is complicated by many 

issues. Although phase masks have been used to smooth the beam intensity and to 

improve the image quality, the mechanism and the quantitative analysis of how phase 

masks actually work have not been published before. In order to improve the SNR or to 

reduce BER, the various properties of phase masks and physical mechanisms of the 

holographic recording process using specific recording materials must be well 

understood. In this dissertation, we consider Dichromated Gelatin(DCG) and 

photorefractive LiNbO^ crystals as the candidate recording materials. 
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Although the detailed physical recording mechanism of the DCG film is not 

completely understood, it is known that the material converts the exposing intensity 

pattern into a phase modulation. Use of DCG as a holographic storage meditmi has been 

studied early by T. Shankoff [1968] and by D. Meyerhofer[1970], and many others since 

then. Although many practical issues such as recording mechanism, exposure energy, 

diffraction efficiency, storage density, etc. have been studied in great detail, the 

dependence of hologram image quality or SNR on the recording conditions such as beam 

ratio, focal length, pixel size, nimiber of pixels, scattering, etc. have not been found in the 

literature. In Chapter 3, we will present a detailed model which describes correctly the 

SNR as a function of beam ratio and other system parameters. The improvement of the 

SNR is achieved by using the model to design a phase mask. The important system 

parameters such as focal length, pixel size, and number of pixels are optimized to yield 

optimal performance. 

For a dynamic memory system, photorefractive LiNbO^ crystal is the material of 

most interest because it allows a large number of holograms to be multiplexed at one 

location. Although the theory which describes the dynamic recording process has been 

given by Kuktarev[1979], a solution which can be appHed to multiplexed holograms has 

not been available. The commonly used linearized solution[Gu, 1991] contains no 

information about the nonlinear photovoltaic effect and is only valid for a single steady-

state hologram, assuming the fiinge visibility is small(so called small modulation depth 

assumption). In Chapter 4 we present a solution for a memory system which uses 

angularly multiplexed holograms under open circuit conditions, without assuming small 
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modulation depth. The experimental verification of the model is also presented. Based on 

the findings of this research project, a new Galilean configuration is introduced and 

possible further extension is also presented. 

1.2 Thesis Overview 

A very brief history of holographic data storage and motivation for this research 

has been presented above. Chapter 2 discusses spatial spectral properties of random and 

pseudorandom phase masks; the design issues; and fabrication and alignment tolerances. 

Holographic data storage using thin phase recording materials and its improvement with a 

phase mask will be analyzed in Chapter 3. A theoretical model of inter-pixel crosstalk 

noise and its experimental confirmation will be presented in Chapter 3. Chapter 4 

presents the recording mechanism, the dynamics of recording a large nimiber of 

multiplexed gratings, various inter-pixel and inter-page crosstalk and the storage capacity 

issues of dynamic holographic memory using photorefiiactive materials (LiNbO^ crystal). 

A solution to the Kukhtarev equations is obtained for a typical memory configuration, 

including the effects of nonuniform beam and finite modulation depth. The improvement 

of SNR is demonstrated experimentally with a phase mask designed using the algorithm 

presented in Chapter 2. Chapter 5 presents a new Galilean configuration which improves 

the performance of holographic data storage systems and minimizes the BER. The 

experimental demonstration of this configuration is presented. This dissertation is 

concluded with a summary of results and suggestions for fiiture studies in Chapter 6. 

13 Contributions 
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The contributions of this dissertations are: 

1) Experimental demonstration of quantifiable improvement to a holographic storage 

system by using pseudorandom phase masks. 

2) Development of an algorithm for the design of pseudorandom phase masks which 

includes simultaneous optimization in both the recorded hologram and the playback 

image region. An analysis of interference noise due to the phase mask and its 

dependence on the accuracy of the phase mask levels are also given. An algorithm for 

designing a two dimensional pseudorandom phasemask is formulated to improve 

SNR of reconstructed holographic images. System parameters such as focal length, 

pixel size, number of data pixels can also be optimized. 

3) Identification of the nonlinearity of the phase recording as the limiting noise 

mechanism for a 4-f system used in this dissertation, by performing SNR versus beam 

ratio experiments. Noise reduction by using phase masks are experimentally 

demonstrated. 

4) A solution to the Kukhtarev equations was derived which contains nonlinear 

photovoltaic effects. This solution is applicable to typical holographic memory 

systems using angularly multiplexed holograms. The solution includes various noise 

mechanisms and can be used to develop noise reduction techniques. As a result, a new 

Galilean recording configuration with minimum crosstalk and improved efficiency 

has been investigated and experimentally demonstrated. 
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Chapter 2: Wavefront Properties of a 
Phase Mask 

This chapter consists of five sections. The power spectral properties of random 

and pseudorandom phase distributions are introduced in Section 2.1. The intensity and 

phase distribution of a phase mask in the focal region are discussed. The importance of 

wavefront conditioning on holographic storage is analyzed. The inter-pixel interference 

noise due to the presence of a phase mask and its reduction are presented in section 2.2. 

The design procedures for optimizing the performance of a phase mask for the purpose of 

holographic storage are described in section 2.3. The measured power spectra of random 

and pseudorandom phase distributions are presented in section 2.4. The effects of the 

phase mask fabrication error are discussed in section 2.5, together with the misalignment 

tolerance of aligning the phase pixel to the data pixel. The experimental results using a 

relatively inexpensive commercial triplet lens pair are also shown. 

2.1 Random Phase Masks and their Power Spectrum Properties in the 
Focal Region 

A phjise mask is a two dimensional array of pixels of optically transparent 

materials, with each pixel having a specified optical thickness, as shown in the Figure 2.1. 

The phase step between each adjacent phase level is constant and the total number of 

available phase levels are limited by the practical fabrication technologies, i.e., the 
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minimum step thickness that can be etched into a substrate with a specified tolerance. An 

analysis on the tolerance will be presented later in this chapter. Given that the minimum 

step thickness is , the available number of phase levels is —. The phase 
d 

A y 
d 
A X 

y 

substrate 

Figure 2.1. Schematics of a multi-level random phase mask 

value of each pixel is specified by its height/index relative to the substrate surface. For a 

(/2" Y)md 
pixel which is m steps high, the phase value of the pixel is where n is the 

A 

optical index of reflection and X is the wavelength. Therefore, a phase mask is a 

monochromatic device. For holographic storage purposes, masks with a deterministic 

non-random phase distribution are not considered because the beam smoothing of such a 

phase distribution would by definition be dependent on the input data pattern. Two types 

of phase masks with random phase variations are of interest for holographic storage. The 

first type is a random phase mask as shown in Figure 2.1. The phase value of each pixel 

of a random phase mask is chosen randomly fi-om all possible values. There is no 



24 

correlation between phase values between adjacent pixels. The second type is the 

pseudorandom phase mask which permits the phase values between neighboring pixels to 

be different by one phase step only[Y. Nakayama et. al.], although the sign of the phase 

transition is chosen at random. A schematic of a pseudorandom phase mask is shown in 

the Figure 2.2. 

d 
< > 
d 

< ! 1 
1 ( 1 

1 
i 

Figure 2.2. Schematics of a multi-level pseudorandom random phase mask 

The random phase mask was first proposed for holographic data storage by 

Burckhardt[1969]. A random phase mask modifies the angular spectrum of the data by 

imposing a n phase value randomly on half of the pixels. Without using a phase mask, 

the magnitude of the dc component of the angular spectrum is 11 for an N by N pixel 

page with a random data distribution. The phase mask redistributes this power into higher 

frequencies. This redistribution makes the beam profile smoother and improves the 

diffraction efficiencies of holograms over a full range of spectral frequencies. The 
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improvements to storage density and image quality with a random phase mask and a focal 

shift was discxissed by Takeda[1972]. For comparison, the diffraction efficiency was 

about 10 percent for a hologram using the defocusing method and was improved to about 

20 percent with a random phase mask. One dimensional 3-, 4-, and 6-phase level 

pseudorandom phase masks have also been studied by Nakayama et. al.[1979], who 

showed that the transformed spectrum can be compressed as well as smoothed. However, 

to the best knowledge of the author, experimental results for pseudorandom phase masks 

have not been published. 

The power spectra of multilevel random and pseudorandom phase sequences can 

be found by evaluating the autocorrelation function of the phase distribution[Nakayama, 

et. al.], assuming the number of pixels is very large. The amplitude transmittance function 

of a one-dimensional two level random phase mask of N pixels (pixel size P) is given by 

N 
(p(x) = 7t^ a, rect{x I P-^i) (2.1) 

(=i 

where a, is either 0 or I, and the power spectrum of the phase mask in the Fourier plane 

is given by Burckhardt[1969]; 

U\f,)  = UN + V)P' smc\f ,P) (2.2) 

where is the spatial frequency of the spectrum. The normalized power spectrum is 

identical to the diffraction pattern of one pixel. The effects of multiple pixels is simply to 

multiply the power distribution by the total number of pixels. This result is not a surprise 

since the coherence of the incident beam is totally randomized by the random phase 
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distribution, there is no coherence effect among pixels in the spectral plane. The power 

spectrum is thus defined by the difBraction pattern of a single pixel. Therefore, all random 

phase sequences have the same normalized power spectrum, independent of the number 

of phase levels. For a pseudorandom phase sequence, the shape of the power spectrum is 

modified by the correlation between pixels. The power spectra of three level, four level 

and six level pseudorandom phase sequences have been given by Y. Nakayama et. al. 

The power spectrum of a three level pseudorandom phase mask is 

2 N  _  1  

2iV + l + 2^(2iV-M +1)(—)cos(2;r MPf^) 
.w=i 2 

L^smc\f^P). (2.3) 

The power spectrum of a four level pseudorandom phase sequence is the same as the 

power spectrum of a random phase sequence given by equation (2.2) [Y. Nakayama et. 

al.]. The power spectrum of a six level pseudorandom phase sequence is 

C/'(/x) = 9 
-V _ 1 

A^+1 + 22(^-^ + cos(4;r A/P/J L^smc^Of^P). (2.4) 

Equation (2.4) shows that the bandwidth of a six level pseudorandom phase sequence is 

1/3 that of a random phase sequence. The experimental verification of this result will be 

shown later in section 2.4. In general, as the mmiber of phase levels increases, the 

bandwidth of the power spectrum becomes narrower, since the correlation between 

adjacent pixels increases, i.e., on average it takes more phase steps to step from the 

maximum to the minimimi phase value. It should be noted that the analytical expression 

for other cases are not available from published literature, numerical simulations can be 

used to find the power spectrum. 
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The above equations will be used in the Chapter 3 for a quantitative analysis of 

the dependence of the SNR and storage capacity on the various system parameters, and 

improvement of the holographic storage system by designing an optimal phase mask. 

2.2 Interference Noise in the Image Plane 

Understanding the interference noise between adjacent pixels is essential for 

optimizing phase mask design. This interference noise is caused by the presence of the 

phase mask, the finite spatial resolution of the optical system, and the nonlinear nature of 

phase recording. For simplicity, we consider an imaging sj^tem with an arbitrary 

amplitude transfer function H(x). The amplitude function of the image of two pixels is 

then given by 

Six) = iP,ix) + P,ix + nP)e^') * H(x), (2.5) 

where P, and P2 are two rect functions defining two pixels, P is the pixel size, n is an 

integer, and (f> is the relative phase difference introduced by the phase mask. The 

operator • represents a convolution. The intensity pattern is 

I,{x) = Six)S\x) = 

(P^(x) * H{x)f +iP,ix + nP) * H{x)f + 2cos((/>)(/>(x) • H(x))(P,(x + nP) * H{x)) 

where the last term is the interference term of two pixels. Comparing this result with the 

image formed without a phase mask ( /q = /(^ = 0)), the interference between pixels due 

to the presence of phase mask is 
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A/ = /o - /, = 2[1 - cos(^i)](/? *H){P,*H) . (2.7) 

For practical purposes, due to the binary fabrication process, the phase step is of the form 

(t> =-^. Substituting this value of <ji into equation (2.7), it is clear that the inter-pixel 
n 

interference noise decreases as n increases. The interference noise is a maximum for a 

two level phase mask ( n=2). Therefore, two level random phase masks are not a good 

choice with regard to interference noise. Figure 2.3 shows that normalized interference 

noise relative to a random phase mask is reduced quickly as the number of phase levels is 

increased. From equation (2.7), it is also clear that a pseudorandom phase mask 

introduces less noise than a random phase mask, since it keeps the interference effects of 

two adjacent pixels at a minimum for a given phase level. This is true because the phase 

difference between adjacent pixels is always equal to the minimum phase step value. For 

example, the interference effect for a six level pseudorandom phase mask is 4 times 

smaller than for a two level random phase mask. As the nimiber of phase levels increases, 

the interference effect due to a phase mask diminishes quickly. It drops to 2% with a 

thirty two level pseudorandom phase mask, which can be fabricated with 5 masks in a 

photolithography process. The interference effect due to a pseudorandom phase mask can 

thus be effectively reduced by increasing the number of phase levels, rather than avoiding 

patterns with relatively high interference noise in the data coding[Bemal, Hong]. 
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Figure 2.3 Interference noise(normali2ed to a two level random phase mask) due to the 

presence of a pseudorandom phase mask versus the nimiber of phase levels. The 

nomialized noise is independent of the pixel size and the amplitude transfer function. 

2.3 Phase Mask Design Algorithm 

The proper design of a random or a pseudorandom phase mask is complicated by 

several factors. First, there are no unique design criteria for all holographic storage 

systems. As will be studied in the next two chapters, the design parameters are different 

for holographic storage systems using different materials. For thin recording materials 

such as DCG or a photopolymer film, the intensity and phase distributions in the 

recording plane are the primary concerns, since the number of holograms that can be 

multiplexed at the same location is small. For the storage systems tising a volume 
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material, the angular spectrum is the primary concern because it controls the crosstalk 

between the multiplexed holograms. In general, an optimal phase mask can only be 

designed for a given holographic recording system. The first factor to consider in the 

design process is the number of phase levels. As discussed in Section 2.2, the interference 

noise for a pseudorandom phase mask is reduced as the nimiber of phase levels is 

increased. However, as mentioned in the Section 2.1, the Fourier spectrum of the phase 

mask becomes more centralized in the low spatial fi-equency region as the number of 

phase levels is increased. Thus we must be careful in designing for the power spectrum 

as the number of phase levels is increased. 

The second issue in designing a pseudorandom phase mask is to generalize the 

simple phase transition rule for the one dimensional pseudorandom phase mask to two 

dimensions. Since it is impossible to use the one phase step rule in both directions, some 

decisions must be made in the coding algorithm to allow phase transitions in both 

directions with equal probability. 

The design of two dimensional phase masks for laser beam shaping and for 

computer generated holograms has been studied extensively during the last decade[Dixit]. 

The fundamental principles of dififiiser design for digital holography have been 

summarized as follows[Wyrowski 1988, 1990]: 

(1) Given the intensity distribution of the object /(x) to be recorded, we also 

wish to achieve a smooth, and bandlimited power spectrum of |F(u)P , where 

F(u) = 3l(V7We'^)- (2.8) 
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where operator 9i denotes the Fourier transform or Fresnel transform, depending on the 

recording geometry of a specific recording configuration. 

(2) The design variable is the phase function ^(x) , which is physically 

implemented as a phase plate or a phase mask. 

While these design principles are adequate for applications such as laser beam 

smoothing, they are not sufficient for the purpose of digital holography. This is because 

the hologram is usually recorded in the spectral plane as an interference pattem with a 

reference beam. Any non-uniformity in the phase distribution of F(w) would also be 

recorded. A particular problem which is often present in real situations is the high spatial 

frequency patterns which exceed the spatial resolution of the recording materials. In 

addition to this problem, the interference noise due to the presence of the phase mask and 

the finite optical resolution of the imaging system discussed in the previous section must 

also be included as design constraints. Thus the following three constraints are needed for 

the purpose of designing a phase mask for holographic storage, in order to ensure the 

quality of the playback hologram image. 

(3). A multilevel pseudorandom phase mask (as opposed to a continuous/random) 

should be used to minimize the interference noise. 

(4). The bandwidth of the phase function <fi{x) should be minimized. This 

reduces the total required bandwidth (phase mask and data). 

(5). We wish to optimize the intensity distribution 

(2.9) 
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of the reconstructed image of a hologram in terms of the image fidelity or (SNR). The 

operator 9?"' in eqiiation (2.9) represents an inverse Fourier or Fresnel transform and the 

operator * represents a convolution. The detailed mathematical expressions to quantify 

SNR depends on the system configuration and the nature of the recording materials, 

which will be studied in the remaining chapters of this dissertations. For this reason, the 

phase mask must be optimized for each recording and material system. 

One might attempt to directly use the inverse of equation of (2.8) for the power 

spectrum and compute its Fourier transform to obtain the desired phase function, i.e., 

=9?- '(F(w))/V7W (2.10) 

but this procedure will not work since the right-hand side will in general yield a complex 

fimction, which cannot be implemented by a phase mask. While it is possible to fabricate 

a complex diffuser with phase and amplitude, it is not desirable to use such absorptive 

diffusers in holographic recording due to a reduced efBciency and an increase of speckle 

problems. 

With the above constraints, we obtained an algorithm which is otherwise similar 

to that of R. Brauer, et al[199la, b], and is described in Figure 2.4. 
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Figure 2.4 Flowchart of a phase mask design algorithm 

2.4 Experimental Results 

In this section experimental results for phase masks designed using the above 

algorithm are described. The phase mask shown in Figure 2.5 is designed to test the 

difference in the spectral characteristics between a random phase mask and a 

pseudorandom phase mask. It is a six level phase mask which is pseudorandom with one-

step phase transitions between adjacent pixels in one direction, but completely random in 

the other direction. It is essentially a long pseudorandom phase sequence rounded at the 

end of each pixel array. The power spectrum of this mask is shown in Figure 2.6. As 

given by Equations (2.3) and (2.4), the bandwidth as defined by the first minimum of the 

sine function in the random direction is 3 times that in the pseudorandom direction. 
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Figure 2.5 Phase pattern of a six level phase mask that is pseudorandom in the horizontal 

direction and completely random in the vertical direction. 

The six level phase mask (256 by 256 pixels with a pixel size of 50 microns) was 

fabricated by writing on a substrate coated with photoresist using a laser writer. It took 

over 24 hours to write the entire mask. The phase value of each level drifted continuously 

during this long writing time and varied by about 1/3 from the designed phase values at 

the end of writing process. Comparisons of the phase values(step height) versus number 

of phase levels at the start and by the end of the writing process are shown in Figures 

(2.7a) and (2.7b). 



Figure 2.6 The power spectrum of the phase mask shown in the Figure 2.5. 
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Figure 2.7(b) 
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Figure 2.7. Comparison of the phase values at the start (a) and end(b) of the mask writing 

process. 

Because of this complication, the phase mask is not a true six level phase mask. 

Figure 2.8 shows an image of this phase mask, taken with a CCD camera. The non

uniform image is due to the fabrication error and the inter-pixel interference noise, as 

analyzed in section 2.2. The experimental intensity distribution is shown in Figure (2.9). 

Comparing the Figure (2.9a) and (2.9c), we note that the sidelobes are significantiy 

reduced in the pseudorandom direction. Since the sidelobes are not recorded on the 

hologram, this suggests that a phase mask is helpful in suppressing the speckles in the 

image plane. 



Figure 2.8. A picture of the six level phase mask shown in Figure 2.5. 

(a) (c) 

(b) (d) 
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Figure 2.9. Experimental intensity distribution in the spectral plane, (a) Intensity in the 

pseudorandom direction, the center portion is saturated to show the details near the edges 

of the spectrum, (b) Same as (a), but unsaturated to show the center portion, (c). Same as 

in (a) for the random direction, (d) Same as in (b) for the random direction. 

The width in the pseudorandom direction (defined as the distance between two 

1 / points of the intensity profile) is 1.6 mm and 3.1 mm in the random direction, with a 

lens focal length of 250mm and a wavelength of 0.488 fmt. The ratio of the spatial 

spectral width of the pseudorandom and random phase sequence is about 1:2 , which is 

less than the 1:3 ratio predicated in Equation (2.3). However this result qualitatively 

confirms that the spectrum width in the random mask direction requires more bandwidth, 

because these phase transitions are greater than for those for pseudorandom mask 

direction, the latter changing phase by only one phase step between pixels. The difference 

is probably due to a continuous drift of phase values during the mask writing, and the 

absorption of the photoresist. 

2.5 Fabrication and Misalignment Tolerance 

We now investigate the influence of an inaccurate phase value on the performance 

of the phase mask. There are three types of errors which can be introduced by the 

imperfect fabrication process. The first is the bias error for all pixels with the same phase 

value. This type of error is caused by the bias in the exposure energy during the 

photolithography process. This error causes the center peak intensity to increase, which 
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makes the phase mask less effective. We can estimate this error as a percentage of the 

incident power that is diffracted to the center of the spectrum (DC value). We can 

A£ J 
express this error as —^ = sin (<J / 2), where E is the diffracted power in the center of 

E 

the spectrum(DC) and A£ is the bias error due to the phase error 8. For a mask with a 

AE 
uniform phase distribution, we have —— = I, i.e., the energy in the center of the power 

E 

spectrum (DC) is unchanged by the phase mask. This type of error can also appear if a 

phase mask is used at a wavelength other than the designed wavelength. For example, if a 

phase mask designed for 488nm is used at 514nm, the portion of the energy remaining at 

A£ , Ji{SX) 
the center is = sin (———) = 3% . Thus the peak intensity is about 3% of the peak 

E 2A 

intensity at the focal point when no phase mask is used. If we assimie the optical 

resolution is diffraction limited, the peak intensity with a phase mask is H times 

smaller than that without a phase mask. This means that the peak intensity at 514 nm is 

about 2000 times stronger than at the design wavelength of488nm for (N=256). 

Another type of error is introduced by the finite edges between pixels. Since the 

phase value changes discretely from the edge of a pixel to its neighbors, the phase value 

of the transition region can be taken to be the average of two pixels. For a pseudorandom 

A £ A T S<b 
phase mask, this error can be estimated as = —sin (—), where A is the width of 

E P 2 

the edge of the phase transition, P is the size of the pixel, and 5<j) is the phase difference 

between two adjacent pixels. To minimize this error, we need to have the edges between 
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pixels to be sharp which means high resolution photolithography is needed in the 

fabrication process. 

The third type of error is due to random variation of each phase pixel. This type of 

error can only be computed numerically. However, as shown in the experimental results 

presented previously, this type of error modifies the shape of the power spectrum. 

Experimental data shows that the bandwidth of the power spectrum increases with the 

drift in phase firom the designed phase value. In this case the bandwidth increased by a 

factor of 1/3 over the simulated value with a fabrication error of 1/3. This fabrication 

error has been corrected by improvements to the software control of the laser writer. 
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Figure 2.10. The telecentric imaging system using a Melles Griot triplet pair with a field 

flatner pair to relay images of pixels on the phase mask(36 microns) to the corresponding 

pixels on the data mask. 

Aligning the phase mask pixels to data mask pixels for the entire field of view 

requires a positioning accuracy smaller than the pixel size. Control of the angular rotation 

( around the center of the field of view) is essential for the alignment. In our system a 

pair of commercial lenses(Melles Griot Cooke triplets 01 LAS 005, f=80mm, d=28.2mm) 

and field flatoers(Melles Griot OlLFFl 14) were used to perform the relay operation. 

Angular alignment was achieved with a goniometer. For reference, the telecentric lens 

configuration is shown in Figure 2.10, and the ray-fan plots and corresponding field 

curvature are shown in Figure 2.11 and 2.12, respectively. 

The pixel size of both the data mask and the phase mask is 50 microns. The 

resolution in the center of the field of view is close to that given by the diffraction limit. 

The resolution near the edges of the field of view is degraded by the field curvature, and 

can be estimated by propagating the image of a pixel firom the curved image plane to the 

CCD stxrface. Since the CCD surface can be considered to be perfectly flat, we estimate 

that the degradation of the image due to field curvature to be 1.5 microns. Since the 

overall resolution of the lens system is better than the CCD pixel dimension (7 micron), 

this triplet - field flatner pair is sufficient for our purpose. 



Figure 2.11. Ray Fan plot of the lens system shown in Figure 2.10. 



Figure 2.12. Field curvature and distortion plots of the telecentric relay imaging 

system using a Melles Griot triplet pair with a field flatner pair. 
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Chapter 3: Non-volatile Data Storage with Thin 
Phase Holographic Recording Materials 

In this chapter, the characteristics of phase type holographic recording materials 

are first introduced. This is followed by a discission of the nonlinear nature of phase 

recording in thin recording materials. The degradation of the reconstructed hologram 

image is analyzed. A set of parameters is defined to characterize the performance of a 

holographic data storage system. The nonlinear response characteristics and scattering 

effects in the media were found to be the primary sources of noise in the holographic 

recording process. Methods for optimizing the phase mask design and for choosing the 

system parameters such as the focal length, pixel size, etc., in order to minimize the noise 

are presented. The experimental data shows that the SNR and diffraction efficiency of the 

holographic image can be simultaneously improved. 

3.1 Thin Phase Recording Materials 

Much progress has been made developing thin phase holographic recording 

materials, and the development of rewritable materials with good holographic 

characteristics appears possible. At the present time DCG and the DuPont series of 

photopolymers are the most popular phase recording materials for write-once recording 

applications. Studies of the feasibility of using the Dupont photopolymers as a medium 

for commercial read-only data storage have recently been published[Curtis, Pu]. 

However, it appears that the optical quality of the Dupont photopolymers is not quite as 

good as that of DCG fihns in terms of the low absorption and background scattering 

noise[Melnichenko]. DCG is cheaper in terms of material costs and also offers higher 
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diffraction efBciency and dynamic range than the Dupont photopolymers, although the 

Dupont photopolymers have a longer shelf lifetime and they are environmentally more 

stable and better sviited for commercial applications. In my experiment DCG is used to 

study inter-pixel crosstalk noise in holographic data storage and the effect of the phase 

masks on this process. It is expected that information from experiments with DCG can be 

applied to other thin phase recording materials. First we note that some modifications to 

the DCG processing procedures were required to control surface swelling. This was 

because the holograms are recorded in a very small area (typically The 

uniformity and swelling of the DCG film caused by the wet processing is of much greater 

concerns when it is used for holographic storage. We will discuss briefly the mechanism 

of DCG recording and explain the modification in the process procedure, in order to 

minimize the effects of the swelling. 

The recording mechanism in DCG film is believed to be a photochemical 

hardening reaction which takes place during the exposure[Melnichenko]. The hexavalent 

chromiimi ion (Cr"^) is photoinduced to the trivalent ion (Cr*^) . It is believed that this 

trivalent ion acts as a crosslink between carboxylate groups with neighboring gelatin. 

Holographic recording is achieved by modulating the density of the crosslinks(or gelatin 

hardness), when the DCG film is exposed to a spatially varying optical pattern. The 

density of the crosslink is increased during the development process. A high refii^ctive 

index modulation is obtained after development and fixing, due to the localized 

enhancement of the gelatin hardness in the exposed area. 
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A problem arises from the fact that exposed and unexposed regions of the gelatin 

swell at different rates during the wet processing step, in proportion to the exposxire level. 

This swelling effect is further enhanced during the dehydration process when the film is 

immersed in isopropyl alcohol. This swelling depends on the degree of dehydration and 

also varies with the final baking and drying conditions. The typical surface profile of an 

unslanted sinusoidal grating was taken by Kim[1995] and is shown in Figure 3.1. Figure 

3.2 shows the profile of a surface of DCG film which was exposed uniformly in a small 

area (0.1 mm by 0.1 mm). The variation of the surface profile 

Surface Plot 

Figure 3.1 APM surface scan of a sinusoidal grating. 
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Figure 3.2 Surface profile of a Alpha-step measurement of a region which is exposed 

uniformly in a 0.1 mm by 0.1 mm area(the unit is micron in the horizontal scanning 

direction, and nm vertically). 

is typically about ± 20nm [Kim]. This translates into a 4% phase variation due to sxarface 

non-uniformity. While this amount of phase variation does not cause a serious problem 

for the fabrication of holographic optical elements, which are typically designed to work 

at maximum diffraction efficiency, it can be a serious problem for a Fresnel hologram 

with a small recording area. This is especially true since the phase modiilation of an 

image hologram must be small due to the inherent nonlinear nature of the phase 

hologram. This issue will be discussed further later in this chapter. To minimize this 

problem, we have shortened the washing process in de-ionized(D.I.) water to one minute 

and use a 95% isopropyl alcohol solution instead of 100% used in the regular processing 

procedure. The postbaking process has also been changed to 50 ° C for forty minutes 

instead of 20 minutes at 60 ° C. We have observed experimentally that the swelling is 

significantly reduced, while the maximum diffraction efficiency is also reduced to about 
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80%. Along with these changes, the precleaning procedure has also been modified, in 

order to minimize the defects on the surface of the glass plate. The processing steps are 

summarized in the Appendix 3.1. These treatments significantly reduced surface 

scattering effects, which is modeled later in this chapter. 

SLM 

dewo). 
Hologram Plane 

1pc*.a), 

Figure 3.3 A typical 4-f holographic recording configuration. 

3.2 Analysis of the Holographic Recording Process 

A typical holographic storage system is shown in Figure 3.3. Fresnel transforms 

of digital data are typically stored in a recording medium as interference fiinges near the 

focal point. Unlike many data storage technologies which are limited by the resolution of 

the system optics or the mechanical precision. One of the limitations of holographic data 

storage is the linearity and dynamic range of the recording medium[Burr]. Improvements 

to the quality of reconstructed hologram image can be achieved by developing better 

recording materials and by reducing the dynamic range of the signals. In the following 
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sections we will show that smoothing the signal can relax the demands on material and 

can suppress the nonlinear effects inherent in phase holograms. The effect of the light 

distribution near the focus of the transform lens on the perforaiance of holographic data 

storage systems is also analyzed. 

When the pixel fill factor of a data mask is one, a page of digital data 

can be described mathematically as 

diXo,yQ) = '"^ "^a^rect(^-m)recti^-n), (3.1) 
/n=I n=l " " 

where rect is the rectangular function, P is the pixel size and is either I or 0, 

representing the digital value to be stored at position (m,n) of the spatial light 

modulator(SLM). In general, the electric field distribution at a distance z fi*om die first 

lens is given as[Gu, 1992] 

/ - - •  2  2 ,  c y-rr—T-<ro •^>•0) 
Uix,,y^,z) = ]dx:ocfyod(Xo,yo)e^ e ^ 

= e ^Ja!roifyo ' (3.2) 

= ^[f,z]{d{xQ,y^)} 

where x^,y^ are the coordinates in recording plane, Xg,yQ are the coordinates in SLM 

plane and the operator ,z]{d{x,y)} is defined as the Fresnel transform 

operator[Goodman]. When the recording is made exactly at the focal plane, the spectrum 

U{x,y) is the Fourier transform of the object dix^yQ) with spatial firequencies 
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/j =T7- Substituting dix^yo) in equation (3.2) by equation (3.1) at z=f, we 
'V 'V 

have 

m=.V 
n^N 

U{f„fy) = sinc(j^P)sincC/;P) 2] exp(-y2;r(m^ + "j^)^), (3.3) 

n=l 

i.e., the spectrum is a product of the Fourier transform of the sequence {a^} with a sine 

function in each dimension. Since the sequence {a^} contains a set of I's and O's with 

equal probability, the dc average of the data set is 0.5 and we have < U(0,0) >= -j-. A 

large dc peak with amplitude N' 11 is centered in the recording plane while the stored 

information has a random distribution about this peak with much smaller amplitude. To 

record such a spectrum linearly, dynamic range of the recording material is required to 

match the range of the signal swing, which is often difficult to realize in available 

recording materials. With the defocusing method, the image in the recording plane is the 

Fourier spectrum convolved with a Gaussian phase flmction. The spectrum becomes 

smoother as the recording plane is moved away from the focal plane. However, a greater 

area is needed to store same information thus the storage density is reduced. 

A random phase mask is a two dimensional array of pixels. The phase value of 

each pixel is randomly assigned. For the simple case of a two level random phase mask 

with phase values of (0, n), the combined amplitude values of the transmittance function 

of the phase mask and data mask are {-1,0,1}. Since the average of the amplitude values 

is zero, the dc peak on the power spectrum is reduced. 
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In the following we consider the one dimensional situation. When the amplitude 

spectrum given by equation (3.3) is recorded in a holographic material, the intensity at 

the recording plane is 

Iix^) = (R + U(xMR + UMy +U\x^) + RVix,) + RU'{x,), (3.4) 

where R is the reference beam, which is usxially a collimated plane wave in an angular 

multiplexing system. Note that we have used the notation =R'R. For a phase 

hologram, the intensity pattern is transformed by the recording medium into an index 

variation. Assximing that this process is linear, the reconstructed wavefront can be written 

as 

PSx,) = R exvUmiR' +U\x,) + RU'ix,) + R'U{x,))], (3.5) 

where m is the conversion factor from the exposure intensity to a phase value, or the 

exposure sensitivity of the hologram film. Equation (3.5) shows that the playback 

wavefront is in general not a linear mapping of the recorded wavefront. 

In order to reconstruct the original image, the reconstructed wavefront as given in 

Equation (3.5) has to be reduced to a form that is linear with the recording wavefront 

U{x^). Assuming that the phase modulation of the hologram is small, we can expand 

Equation (3.5) as 

nf nf 
PXx,) = Ril+m/Rir -—RRWl/Xl+ntfR'U-YR'R'^^HI^ (3-6) 
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by keeping terms in m up to second order in each expansion. Since only terms 

propagating in the direction of the wavefront U{x^) are imaged onto a CCD camera 

during playback, we have 

where we have used to denote the nonlinear factors in U(x^). This equation is 

eqmvalent to that given by Meyeherhofer[I972]. In this form, the playback wavefront is 

related to the original recording wavefront. However, the wavefront is modulated by two 

nonlinear factors, which are first order and second order in m. They cause the playback 

image S at the back focal plane of the playback lens to be convolved by their 

spectrum, thiw acting like the modulation transfer function of an image system. 

Propagating to the image plane and considering only the x direction, we have 

= cxplMR' +U'm-YR'U')jmR'U = gMU, (3.7), 

S{x) = \cix^ g{x^)e ^ ^ f-- ]clx^d{x^)e 

K Z Z Z y 
-j—{ I—)x- y—(I—T)X-

= e ^ ^ [e ^ di-x)]*Gix) 

(3.8) 

where G(x) is the Fourier transform of g(x^), 

(3.9) 

and the operator 5R denotes a Fresnel transform. When holograms are multiplexed at the 

same location, equation (3.5) can be extended as 
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P,M = R, expuf,m(R,'+U/+R^U;+R;u^)] (3.10) 
p=l 

where q corresponds to one of the multiplexed holograms and M is the total number of 

holograms. A similar expansion procedure yields 

P^ix,) = exp[jf^ntiR^'+U;-)]il-m'R/U/)jmR;'U^ (3.11) 

to the second order in m in each modulation factor(note, we are not expanding the whole 

expression). The dynamic range of the recording medium limits the available phase 

modulation in the exponential factor and the number of holograms that can be 

multiplexed on a single recording area. The second factor is reduced with multiplexing 

since the modulation strength of each hologram must be lowered. Since the first factor is 

proportional to m, and m is usually much less than 1, it is the dominant factor. This 

implies that the first order nonlinear effect(or second order in m in the overall expression) 

is not significantly changed by multiplexing. In addition, the inter-pixel crosstalk can 

increase when the inter-page crosstalk is present. Since this analysis is limited to thin 

recording materials, the inter-page crosstalk will not be discussed. 

33 Effects of the Phase Mask on the SNR and Efficiency 

To study the nonlinear effect due to the holographic recording process, we 

consider one pixel at the center of the data mask. To first order, the effect of g(x^) can be 

described by replacing g(x^) with L^^and taking d(x) = rect(x / P) in Eq. (3.8). We 

introduce the following parameters to quantify the first order effect in m 
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A = fu'(x,)cix^ 
-Hn 

Aiir)=fdxe^^ [rect(;^)e \*\dx^e'^ recti~)u^{x^), (3.12) 
-1/2 " " 

A,{1)= ^ dxi[rect{^)e ^ ]*\dx^e''^ 'rect{^)u-(x,) 
-112 V 

u 
where H is the length of the hologram and / is the length of the CCD pixel, u = — and 

^0 

Uq - max(U). The parameters A„A, describe the percentage of the light of a SLM pixel 

that is imaged to the intended CCD pixel. If the recording process were linear and 

hologram size were infinitely large, the convolution factor in 3.12 would be an impulse 

delta function and it would give Ai = I, /^ = 1. From equation (3.7), is directly 

proportional to the playback efficiency(the portion of light that is redirected from the 

reconstruction beam to the reconstructed image by the hologram). The parameters and 

A2 are a measure of the convolution effect of the power spectrum of the SLM data and 

correspondingly the effects of the nonlinear response of the phase recording. For a thin 

hologram, it is straightforward to relate the above parameters to the intensity contrast 

ratio of a bright to dark pixel. By expanding the exponential phase factor in Eq. (3.7), the 

intensity of an image pixel can be found by using Eq. (3.8) 

112 
1,(1) = J<ir [3i-'[/,rJ{(l + y(y„ /r)u'(x,mif,z]{rea(,x„ / />)((] = (3.13) 

-1/2 

where yQ= mU^R is the maximum phase modulation value of the hologram, and r is the 

ratio of the reference beam amplitude to the object beam amplitude. The CCD pixel size 
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can be made smaller than that of the data pixel P to reduce the interpixel crosstalk[Bemal, 

1997]. We will assume the CCD pixel size is the same as that of the data pixel, and that 

the entire pixel area is used. We also assiraie that the probabilities of having a bright 

signal is the same as a dark one, and that the average contrast of a bright pixel to a dark 

pixel is given by 

C. =-^ A(°o) 
(3.14) 

where subscript I indicates the first order nonlinear effect, and is the average intensity 

of a bright pixel in the image plane(over all pixels), is the average intensity of a dark 

pixel in the image plane, and /, (oo) is the total intensity. If the effects of the nonlinear 

response of a phase recording are not included and the system imaging is perfect 

(assuming the diffraction limit is ignored), it follows that the average intensity /j=0, 

= 1 and the contrast C, = oo. Similarly we can calculate the contrast fiinction for the 

second order(in y^) nonlinear process alone: 

12 
[,([)= jdx 

-l.'2 

(3.15) 

and 

C 
/2M i-yo'+/o ' /4 

/,(00)-i,iP) [{A, -1) + r,'a-A,)/4]-
(3.16) 
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Noise can also be introduced by surface non-uniformities of the recording medium as 

discussed in the section 3.1 as well as by other scattering mechanisms. These random 

phase fluctuations can be expressed as 

6(1 = + (3.17) 

The first term is a phase variation due to surface hologram. It represents a uniform 

background noise which will be recorded in the hologram. The second term is an 

intensity dependent scattering noise. The parameter «5/n, is equivalent to the scattering 

cross-section which depends on the density of the scattering centers and the size of the 

scatters. The values of 6}^ and can be determined experimentally. The average noise 

per pixel can be expressed as 

cr=V4'C((^o) + 2(Jr,)/ Vf +/j , (3.18) 

2r 
where Sy, =  — a n d  V = r. This leads to a SNR of 

m 1 + r' 

Ih-ld (1-1/C) 
SNR=-^—= I • (3.19) 

^ ^[(Svo +2Sr, iv) '+SrU' + i icf  

where C is the contrast of the reconstructed hologram. The calculation of C needs to 

include all the sources of the image degradation, i.e., the nonlinear effects( C,, Cj), the 

interference noise between pixels, and the limited resolution of the lens. From equations 

(3.19) and (3.14), the contrast C and the SNR increase when the beam ratio r is greater 

than one. When C is sufficiently large, the scattering noise term (S becomes the 
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dominant noise source. If the background noise is significant, then increasing r further 

will not have a significant effect on the SNR. However, if the background noise is 

smaller than the noise generated by scattering, the SNR will be reduced if the beam ratio 

r is increased fiarther. 

To compare the performance of a defocus, a random and a pseudorandom phase 

mask in terms of SNR improvement, we now consider the power spectrum fi-om a 

random phase sequence, from a six level pseudorandom phase sequence and from 

defocusing alone. The beam profile resulting from the defocusing method can be 

obtained from Eq. (3.2). Since the DC profile is independent of the AC signal, the 

envelope of the normalized power spectrum at the focal plane can be obtained by setting 

= 1 in Eq.(3.1) for all pixels, 

( / x )  =  sin( / ,  P )  sin(/, N P ) .  (3.20) 

The first sine function defines the spectrum envelope of one data pixel, and second sine 

function defines the shape of the beam at the focal plane. Before we calculate the 

parameters Ag, A^, and A2 and for the above spectrum, the appropriate hologram size H 

for each case must be determined. It is important to note that the maximum useful 

recording area H is limited by a quadratic phase factor in equation (3.2), since the spatial 

resolution of the recording medium is limited. For a more realistic determination of the 

maximum H, we consider a quadratic phase factor of a Gaussian beam 

{ ' 2 \ 2 710)^ 
exp(-/ ^[Az+—]-') (instead of a plan e  w a v e ), where Zg =—is the Rayleigh 

A Az A 
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range, co^ is the beam waist and Az is the distance from recording plane to the beam 

waist. This phase factor corresponds to quadratic fringes which are multiplexed on 

information bearing interference patterns. It is assumed that the useful recording area is 

limited to the area where the fringe spacing of this quadratic phase factor is greater 

than A . The diffraction efficiency for the area multiplexed by the high spatial frequency 

quadratic fringes will diminish due to a variation from the periodic fringe condition (the 

Floquent's theorem) in the region. This gives a maximum effective hologram size 

H (3.21) 

This expression describes one major advantage of the phase mask: without a phase mask, 

the minimimi beam waist is determined by the full aperture of the data mask. The 

Rayleigh range is very small. As a result, is given by the first term in (3.21) and is 

much less than the information spatial bandwidth when <5 z is small. When a phase mask 

is present, the beam waist is determined by the pixel size, thus the Rayleigh range is 

increased by many orders of magnitude. The hologram size is again very large since 

it is now determined by the second term in Eq.(3.21). 
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Figure 3.4 Beam intensity distributions with and without the phase mask and the spatial 

information bandwidth. 

To compare different spectra, we evaluate Aq,Ai and A2 as functions of various 

system parameters. All results are calculated at 488nm wavelength, with a 50 fjm pixel 

size, and a total of 1024 pixels in one dimension. Figures 3.5 and 3.6 show the variation 

of the parameters A2 and /4, versiis Az for a pixel in the center of the data mask with 

defocus(O), a random phase mask(2), and a 6 level pseudorandom phase mask(6). Note 

that can be less or greater than 1, which corresponds to the fact that the interference 

effects between adjacent pixels can be constructive or destructive. The focal length for 

this simulation is 60mm. Since A2 is lower for the six level pseudorandom phase mask 

case, it shows that the six level pseudorandom phase mask is not as effective in reducing 

the nonlinearity effect as a random phase mask, although the six level pseudorandom 

phase mask has a smoother power spectrum. This suggests that there is a tradeoff 

between reducing the nonlinear effect and the interference noise between the pixels 

discussed in the previous section. 
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Figure 3.5 Parameter A 2 versus defocus for no phase mask (0), a random phase mask 

(2) and a six level pseudorandom phase mask (6). 
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Figure 3.6 Parameter A, versxis defocus for no phase mask (0), a random phase mask 

(2) and a six level pseudorandom phase mask (6). 
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Figure 3.7 The parameters A, and A ^ versus the focal length (in nam) for defocus. 
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Figure 3.8. The parameters A, and Aj versus the hologram size for a random (2) and a 

P 
pseudorandom phase mask(6). -~T is the cutoff frequency of the information 
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A plot of /4, and A.^ versus focal length is shown in Figure 3.7 for a center pixel 

and Az=l mm. Aj is higher for shorter focal lengths. This indicates that nonlinear effect 

is reduced with shorter focal length. Figure 3.8 shows and A2 versxis the size of the 

hologram for Az=l mm. It indicates that A^ and Aj saturate at about 2 A / / P. However, 

when Az is increased, they saturate at a higher value. As predicated by equation (3.8), the 

nonlinear effect is not uniform across the image plane. As defocusing Az is increased(or 

focal length is decreased), the image degradation near the edge becomes more serious. 
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Figure 3.9. Parameters A 2 as a function of the pixel number. 

This is shown in Figure 3.9, for A2 versus pixel number with Az=5 mm and f= 100mm. 

From Figure 3.7 and Figure 3.9, it can be seen that the focal length should be chosen to 

balance the image quality on the axis and pixel uniformity. Figure 3.10 shows 
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Figure 3.10. Parameter A ^ as a function of normalized hologram size. 

Aq versus the normalized hologram size (normalized to —). Since the spectra have 

different shapes, we cannot compare the various values of the parameter A^ directly. 

However, in the case without the phase mask, a greater amount of defocusing is required 

to reduce the nonlinear effects. This increases the size of the exposed region of the 

hologram relative to the case when the phase mask is used. As a restilt, the efficiency is 

reduced in the defocusing method for the same A^, Aj values. It should also be pointed 

out that although the power spectrum of the six level pseudorandom phase mask is more 

uniform in the Fourier plane than that of the two level random phase mask, this is not the 
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case in the Fresnel plane. Thvis the six level phase mask does not increase efficiency for 

the same hologram size in the Fresnel plane. 

For a single hologram, can be smaller than C,. In the case of multiplexed 

holograms, C, is proportional to the square of the nimiber of multiplexed holograms 

(because the efficiency or^-g in eq. (3.16) is inversely proportional to the nimiber of 

holograms), so that its effect quickly becomes negligible. However, C, depends on the 

total dynamic range in the refractive index modulation used by all holograms, and thus it 

is not changed by multiplexing. Equations (3.14) and (3.19) imply that a holographic 

storage system can be optimized in terms of both the SNR and efficiency by increasing 

and by finding the best beam ratio r for a given recording material. Compared to a focal 

shift, the use of a phase mask allows for freedom in controlling the power spectrum 

shape. It also can improve the efficiency, and SNR of holographic data storage systems. 

Figure 3.11 shows the average SNR as a function of the intensity beam ratio for 

different A2 values as calculated from equation (3.19). It is shown that the SNR can be 

increased significantly as Aj is increased. Another improvement is that the exposure time 

can be reduced as the optimal beam ratio for best SNR is moved closer to a 1:1 beam 

ratio. The experimental confirmations of these results are shown in the next section. 
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Figure 3.11 Theoretical SNR as calculated from Equation 3.19 versus the beam ratio for 

different values of A 2. 

4. Experimental Results 

To experimentally study the improvement of the SNR values with a phase mask, a six 

level phase mask as described in Chapter 2 was used to record holograms with a set of 

reference-to-object beam ratios. The results are compared with those obtained using defocus 

and the same beam ratio. Before we present the SNR results, a discussion of the intensity 

distribution in the recording plane is necessary, in order to compare all aspects important to 

holographic storage for the two methods. The power spectrum taken in the focal plane is 

shown 
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Figure 3.12 The measured power spectrum of the 6-level phase mask in the 

pseudorandom direction (a), and the random direction (b). The power spectrum of a 

defoctis case which has about same spot size as the pseudorandom case is also shown in 

(c ) .  

in Figure 3.12. The width in the pseudorandom direction (defined as the distance between 

two 1 / ^ points of the intensity profile) is 1.6 mm and 3.1 mm in the random direction. This 

data was obtained with a lens focal length of 250mm and a wavelength of 0.488 /xm. For 

comparison, the spectrum of the data mask generated without a phase mask is also shown 

with 3 mm of defocusing, where the width of the profile is about the same as the width in the 

pseudorandom direction. It is also observed that the defocusing method has a sharper beam 

profile(or less area under the profile curve). 
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Figure 3.13. Normalized intensity distribution of a six level pseudorandom phase mask as 

a function of the distance from the focal point. 

Figure 3.13 shows the measured peak intensity at the center of the object beam as a 

fiinction of the distance from the focal plane. A pinhole detector with a 400 /jm^ aperture was 

used to measure the intensity pattem. These results Indicate that the intensity distribution 

along the z axis is much smoother than the inverse square dependence, associated 

with a divergent beam dependence without the phase mask. The spectrum width is also 

measured for each case. With a lens focal length of 65mm, the spectrum width increases from 

1.18 at 1mm away from the focal point, to 1.67 at 3mm away. This shows that the spot size 

does not expand as fast as it does in the case without the phase mask because the spot size of 

the beam at 3mm defocus would be 3 times the spot size at a 1mm defocus. This fact is 
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important when a thick volume recording material is used, since it allows more efficient use 

of the hologram volume, especially when the focal length is reduced for higher storage 

density. 

Figure 3.14 shows the SNR of holograms made in DCG film as a function of the 

beam intensity ratio, with the modulation amplitude (i.e., UqR^T ) kept constant by 

adjusting the exposure time (T). The holograms are made with a 65mm focal length transfer 

lens. In order to quantify values for the SNR, the intensities of the bright and dark pixels 

were measured with a CCD camera and a fiiame grabber. Then an intensity histogram was 

obtained and separately fitted to a Gaussian distribution for bright and daric pixels using a 

best fit algorithm which minimizes the sum of square of the difference between the Gaussian 

curve and the data. The SNR is calculated using the definition given by the equation (3.19). 

The curve in Figure 3.14 with the lower SNR was obtained from a set of holograms made 

with 1 5mm of defocus without using a phase mask. The higher SNR curve was obtained 

from a set of holograms in the focal plane with the phase mask. The efiBciencies are about 2% 

with the phase mask and about 0.5% without the phase mask, with less than 15% fluctuations 

in efficiency for each set of holograms. The SNR with the data mask imaged directly onto the 

CCD is about 11. However, much of the noise is due to the nonuniform background intensity 

pattern, and interference fiinges formed by the data mask and CCD substrates. To minimize 

these effects, both the data mask and the CCD are tilted slightly, and the pixel intensity is 

calibrated against the background tntensity[Burr] and then filtered with a bandpass filter 

during data processing. This improved the system SNR to about 22. The SNR drops to 17 

when the data mask is imaged through a developed, transparent DCG substrate and phase 

mask. A playback image with a SNR of 15.2 is shown in Figure 3.15. It should be noted that 
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each data pixel (SO microns) is imaged onto about 50 CCD pixels (about 7 micron pixel size). 

A histogram of the CCD pixel intensity distribution is shown in Figure 3.16. It should be 

noted that the performance of this phasemask is limited by the inter-pixel interference noise 

in the random phase direction, because the pseudorandom phase mask has lower interference 

noise than a random phase mask. For a true two-dimensional pseudorandom phase mask, the 

inter-pixel interference noise should be reduced fizrther. 
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Figure 3.14. The experimental SNR versus the beam ratio. 

Figure 3.14 confirms two features shown in Figure 3.11, that when a phase mask is 

used the maximum SNR is increased and the beam ratio for the maximum SNR is reduced. It 

should be noted that more quantitative comparison between theory and experimental data 

needs to include the effects of lens aberration and noise from electronic components. 
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However, these effects do not change with the beam ratio. The qualitative agreement between 

Figure 3.14 and Figure 3.11 suggests that the nonlinear effects are a major source of noise for 

phase holograms used for holographic data storage applications. 

Figure 3.15 A playback image of a hologram recorded using the 6 level phase mask in 

the optimal beam ratio condition. The SNR of this image is 15.7. 

Although most of our analysis is carried out for thin holograms, results can be 

extended to volume holograms by integrating the power spectrum of the object beam over the 

volume of the recording material. 
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Figure 3.16 Histogram for the hologram image in Figure 3.15 

To sxramiarize, it has been shown that smoothing the profile of the object beam in 

the recording plane is an effective approach to improve the image quality and efBciency 

simultaneously. It has been shown that a pseudorandom phase mask can improve the image 

quality (SNR) and increase the diffraction efBciency together, compared to the defocus 

method. The use of multilevel phase masks allows an additional degree of freedom in 

conditioning the data spectrum, to improve the SNR. The storage density can be increased by 

reducing the focal length while the effective usable volvime of storage medium is increased, 

because the spot size in the center focal region is increased and is more uniform. However, 
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optimization of two dimensional pseudorandom phase mask for suppressing nonlinear effects 

in volume recording materials requires further study. 
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Appendix 3.1 DCG Processing Procedures 

DCG Formula 

1. Soak 30g of gelatin in 250 mi of distilled water for 20 minutes at room temperature, 

lightly mixing every 5 minutes. 

2. Warm the mixture in a 60" C bath until the gelatin is fully dissolved, stirring often to 

prevent the gelatin from clumping. 

3. Dissolve lOg of ammonium dichromate in the solution for 10 minutes (under dim red 

light). 

4. Cool the solution to 40 "C under the clean hood. 

DCG Film Making 

1. Center the warm glass substrate on vacuum chuck and apply the vacuum. The side 

with tin coating should face down. 

2. Use a syringe to xmiformly apply 15 ml of solution on the substrate with a zigzag form. 

3. Spin coat the solution for 5 minutes at 80 rpm (for 8 // m fihn thickness). 

4. Remove the plate and let it dry horizontally in the laminar flow clean hood. 

5. Bake the plate at 50" C for 40 minutes in the oven and store it in the humidity 

control chamber with 50 percent relative humidity solution. 
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DCG Film Development 

1. Mix 100 ml Kodak Rapid Fixer A and 13 ml Fixer B and 2 ml photoflo, fill with DI 

water to 400 ml. 

2. Agitate plate in fixer solution at 25" C for I minute. 

3. Agitate the plate in 25 ° C DI water for 10 seconds. 

4. Agitate plate in a 65" C, 50 percent isopropyl alcohol and 50 percent DI water solution 

for 30 seconds. The plate should be taken out firom solution gradually so that the solution 

flows off firom surface smoothly. 

5. Agitate plate in 65" C isopropyl alcohol (95 percent) for 30 seconds. Gradually and 

carefixlly slide the plate out of solution (about 10 seconds) to get a high quality surface. 

6. Bake plate at 70" degree for 10 minutes. 

Substrate Preparation 

1. Clean the plates with soap and warm tap water and then rinse them with DI water. 

2. Clean the ultrasonic cleaner and fill it with DI water up to 1 inch from the top and a 

capfiil of Branson ultrasonic cleaning solution. 

3. Run ultrasonic cleaner for about 5 minutes until all the bubbles are out. 

4. Sxispend the plates in the cleaner and ultrasonically clean them for 5 minutes 

5. Remove the plates in the cleaner and hold them vertically over the sink and rinse with 

DI water. Make sure that the water sheets off completely and uniformly. 
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6. Remove water spots by shaking plates severely. 

7. Place plates vertically in 55 degree C oven and to bake for 20 minutes. 
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CHAPTER 4. DYNAMIC MEMORY USING 
PHOTOREFRACTIVE CRYSTALS 

"Indeed, we have found that poled single crystals of LiNbO 3 have a resolution in excess 

of1600 lines/mm and thus are extremely interesting holographic media 

F.S. Chen 

In this chapter, the holographic recording mechanism in LiNbOphotorefractive 

crystals is described. An approximate solution to the one dimensinal Kukhtarev equations 

is obtained for a typical 4-f holographic memory system using multiplexed holograms in 

this medium, without making the small modulation depth assumption. The effects due to 

nonimiform beam intensity profile in the focal region are also included. Various 

mechanisms for inter-pixel and inter-page crosstalk noise mechanisms are analyzed based 

on this solution. The possible approaches for reducing noise are discussed, and 

experimental results demonstrating improvements of the SNR and storage capacity with 

an eight level phase mask are presented. 

4.1 Holographic Recording Mechanisms in LiNbO ^ Crystals 

The use of LiNbO 3 crystals for rewritable holographic storage was first proposed 

by F.S.Chen et. al. [1968]. Other photorefiractive crystals with similar dynamic storage 

properties have subsequently been investigated. Iron(Fe) doped LiNbO 3 remains one of 

the best available materials for the purpose of multiplexing a large numbers of holograms 

[Burr]. However, the underlining reason that LiNbO ^ performs better than other materials 

is not well understood. Although it is believed that holographic memory is one of most 
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promising technologies to be commercialized, among possible competing next generation 

technologies, it suffers from the relatively high BER problem. Much effort has recently 

been placed into studying error correction coding[Neifeld], and it is promising that 

significant improvements in BER could be achieved. However, it is unlikely that such 

improvement can offer a complete solution to the error problem. The real solution for 

achieving extremely low BER cannot be foimd without a thorough understanding of the 

origins and physical mechanisms of all the noise sources in the system. 

The light induced change in the refractive index of photorefractive crystals is 

based on electro-optic processes in the crystal. Changes to the refractive index are 

induced by the spatially modulated electric field, which itself is the result of carrier 

redistribution inside the crystal when illimiinated with a spatially modulated optical input. 

In an Fe doped LiNbO 3 crystal, donors and trap centers are provided by the Fe dopants in 

the form of Fe^"' and Fe^ ions. The photorefractive effect takes place when Fe^" acts 

as a photon absorber and Fe^"^ acts as electron trap. Charge neutrality is maintained by the 

balance of the ions and freed electrons in the conduction band. The concentration N ^ at 

the acceptor level represents the filling of oxygen vacancies which is the result of the 

doping. The concentration of the oxidation states of the Fe impurities in the crystal 

controls the ratio of the Fe^* ions to Fe^"^ ions. The absorption coefficient and the 

photosensitivity increase with this ratio[Burr]. Since the diffraction efficiency decreases 

with increasing absorption, an optimal ratio of Fe^"^ to Fe^* should be used. This is 
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usvially achieved by a high temperature annealing process[Burr]. Figure 4.1 shows the 

band-diagram of SiLiNbO^ crystal. 
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Figure 4.1 Energy band diagram of a LiNbO 3 crystal. 
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Figure 4.2. The carrier distribution of a LiNbO 3 crystal when illuminated with a 

spatially modulated optical beam(intensity) indicated by the curve. 
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When illuminated with a spatially modulated optical beam, a corresponding 

modulation of the electron and ionized donor densities is induced by the photoexcitation. 

If this modulated pattern could be directly converted to a modulated electric field with the 

same distribution, the recording process would be linear. In reality, the induced electrons 

are influenced by diffusion, the electric field present in the crystal, and the photovoltaic 

effect. The first two processes are basic electrodynamic phenomena and will not be 

discussed here. The relatively large photovoltaic response is what makes LiNbO 3 capable 

of storing more pages of holograms than other materials. 

In an anisotropic crystal such as LiNbO 3, the photoelectrons are excited into the 

charge transfer band in a preferred direction called the crystal c-axis. A photocurrent 

exists in the crystal when it is illuminated, with or without an applied voltage. In general, 

the induced photovoltaic current density can be expressed as a tensor. In holographic 

applications, gratings are normally formed with the grating vector parallel to the crystal 

c-axis. This orientation gives the highest electro-optic response. The induced 

photocurrent is then proportional to the incident optical intensity. It was thought for a 

long time that this electro-optic effect is a global effect due to the bulk absorption in the 

crystal. However, the global photovoltaic effect cannot explain the phase shift and spatial 

firequency response measured in the crystal, while a local photovoltaic effect can resolve 

this difBculty[Rupp]. Since early theories on the dynamic recording mechanism use the 

global photovoltaic effect assxraiption, the validity of these solutions are limited to the 

holograms made with uniform plane waves. As will be shown in this chapter, the local 
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photovoltaic response is more significant than other effects when the recording time is 

very short compared to the saturation time. 

The physics of holographic recording in photorefractive crystals can be described 

by the Kukhtarev equations[Kukhtarev, 1979], Two approaches have been used to 

analyze the recording process in photorefractive crystals. In the first approach a harmonic 

analysis of the nonlinear system is used. Although nonlinear effects can be analyzed with 

this approach, it has been used only for a photorefi^ctive crystal without photovoltaic 

effects, such as with SBN crystals[Hesselink, 1988]. In addition, this analysis has also 

been limited to plane wave situationsfVachss]. The second approach is to solve the 

linearized version of the Kukhtarev equations first for the DC input(non-interference 

components) and then solve the modulation field as a small perturbation[Gu, 1991]. This 

approach has been referenced more frequently in the literature[Burr] despite the fact that 

it is only valid for small modulation depth situations. Since the nonlinear nature of 

photorefractive crystals is lost in such an explicitly linearized theory, its solution contains 

no information about the noise caused by such nonlinearities. Therefore its solution offers 

little insight into the physical origins of the nonlinear noise soiirces or ways to reduce 

this effect. 

In this chapter, we will present a solution which includes the nonlinear effect of 

the photorefractive crystal as well as the effect of the non-uniform object beam. 
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4.2 A solution to the Kukhtarev equations for a 4-f recording 

configuration 

The holographic recording process in photorefractive crystals is described by the 

following equations proposed by Kukhtarev[1979] 

= slix)iN^ - NUx,t)) - r,N;{x,tMx,t) 4.1 (a) 
ot 

dn{x, t)  ^  dNl{x, t)  ^ 1 dJ{x, t)  4 1 (b) 
dt dt q dx 

J{x, t)  = q^ln{x, t)E{x, t)  + kJ^i^^^^-p{N^-Nl{x, t))I ix)  4.1 ( c ) 

cE{x, t)  
e  =qiN;(x, t )-nix, t )-N,)  4.1 (d) 

where N p ,  ,  n ,  a r e  t h e  concentrations of neutral or filled traps, ionized traps, 

electrons, and compensation acceptors respectively, J is the electric current density 

flowing along the crystal c-axis direction; E the electric field component along c-axis; s is 

the photoionization cross section; y ^ is the recombination rate; p is the photovoltaic 

constant; e is the dielectric constant of the crystal; fj. is the electron mobility; q is the 

electron charge; T is the temperature; and I(x) is the optical intensity. The source I{x) in 

the Kukhtarev equations is provided by the incident optical interference patterns formed 
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by the object and reference beams. We note that equation (4.1b), (4.1c) and (4.Id) can be 

combined to yield 

-e^^=J + Jo{t)  = qnnE + kBTfiy^-p{Na -Nl)I{x)  + J^{t)  (4.1e) 
o t ox 

where yg(t) is an integration constant which is only a fimction of time and can be 

determined by integrating the above equation and using the boundary conditions: 

L 

d\E dx r L 
J r p 

- = }j(x)dx: +1 Jo(0^ = i + I'oiO (4. If) 

1 ^ 
io(0 = yfAx)dx (4.1g) 

^ 0 

The integration range L is the width of the hologram in the direction normal to the c-axis 

of the crystal, and i(t) is the total current generated in the crystal along c-axis. For the 

constant voltage situation, of which the short circuit is a special case[Maharom, 1979], 

I'o = -/ is the current flowing out of the crystal. For the open circuit case, ig = 0, no 

current can flow out of the crystal and a global photovoltaic voltage will grow with time. 

A typical 4-f holographic memory configuration is shown in Figure 4.3. 
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Hologram toage 

Reference 
Beam 

Figure 4.3 A typical 4-f memory configuration using the defocus method. 

We consider only the angular multiplexing cases where the reference beam is a plane 

wave. The object beam is the Fresnel transform of the data mask dix^) and can be 

expressed as 

In . ̂ 2 
r yxTQ— -J 

U{x) = ]dx,d{x,)e (4.2) 

We can then express the total intensity of the object and reference beams as 

I{x) = (x) + R'C/(x) + Riy'(x) 

= /o(x)  + R.ldx.dix.Xe'^  ^  ^ + c.c)  (4.3) 

= /o(x) + i?oi3o[5R(x,iO + 9?(x,/0*] 

where K represents the wavenumber of the reference beam, R is the reference beam 

amplitude and /?o =|i?l, Dq = max(|f/|) and 9?(x,A^ is the normalized intensity 

distribution function. /o(x) describes the spatial variation of the object beam, and can be 

considered as a source function with a low spatial frequency (or DC source in electrical 
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circuit terminology), while the9l(^ tem« describe interference fringes and are typically 

high spatial frequencies. 

Figure 4.4 Schematic showing the effect of nonlinear recording with a non-uniform object 

beam intensity profile. 

In order to study the nonlinear effects of the recording process on the playback image, we 

seek a solution in the form 

The first term in right hand side of (4.4a) describes the response to the low spatial 

frequency incident beam profile and the other two terms represent the response to the 

high spatial frequency fringes. The unknowns N^Q(x,t), N^p(x,t), are 

amplitudes of the response (ionized trap concentration) of the recording crystal to the DC 

component (/(,), and AC fringes (9? and 91*) of the incident optical beam. These 

N;ix, t )  = N;, ix , t )  + N;^{x, tmx,K) + iv; , (x ,r)9t(x,^  *+.. . .  4.4 (a) 
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unknowns are to be obtained from the Kukhtarev equations. The index p in (4.4a) denotes 

a positive phase term (9?) and n denotes a negative phase term (91'). Otherwise they are 

just a notation and have no physical meaning. Similarly, we can write the electric field 

and charge density in similar forms 

Here again subscripts p and n are just notations. We note that9?(x,^,9?(x,/0* terms are 

the information bearing terms for hologram formation. DC terms and higher orders terms 

(in 9?(x,Ar),9?(x, AT)*) do not carry useful information and they are one source of noise 

during the hologram image reconstruction. The underlining principle and procedure used 

here is presented in Appendix 4.1. We now assume the following orthogonality 

relationships 

9?(/q = 0, 9?(/01R(i0* =P(x), 9l(/09?(in = 0, 9l(iO9l(/O*9t(iO = 0 (4.5) 

where the bar denotes a spatial (in x direction) average over a scale that is much greater 

than the fringe spacing but much less than the size of the hologram. The validity of these 

assxmiptions Avill become clearer in the following sections when multiplexed holograms 

are discussed. It can also be confirmed by numerically evaluating these expressions 

directly. The power distribution function P{x) in Eq. (4.5) can be evaluated directly for a 

given beam profile. We also assume that the coupling between the higher order 

4.4(b) 

/i(jr, t)  =  /Jq  ( x ,  t)  + rip (x,f)9l(x, K) + n„ (x, r)9l(x, +.... 4.4(c) 
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harmonics of the carrier frequency is small. With these assvimptions, the low and high 

frequency components in Eqs. (4.4) can then be separated using the method of moments 

(i.e., separate the DC terms and AC terms by spatial average and high-pass filtering) with 

the 1R as weighting function to yield 

ot (4.6a) 

—^ = -shN'^ +sD„R„(N^-N'„)-r,Nl^,-r,n,Nl^ (4.6b) 

dN* 
- M'„)-rAn. - r,n„Nl, (4.6c) 

and 

= + +q^iEpn„P + E„n^P) + kTfi^-

p[{N^ - N;,)I,-D,R,P(N;,^ + N;„)] 

- "n + ) " , . . , 
ox (4.6e) 

p\kN^-Nl,^D,R,-l,Nl„-\ 

cE cn 
- e—— = qu{E^ n_ + n^E^ ) + kTu{—-— - jKn^) -0 p 0 spj J p) 

pKN^-N;,)d,R,-I,N;^] 
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(4.6g) 

* pt 

e(^-jKE.)=qiNl,-n,) (4.6h) 

(4.6i) 

These equations describe the response of the crystal to an incident illumination with both 

a slowly varying intensity profile and high spatial frequency interference fringes. We 

now consider the case of multiplexed holograms in the last stage of hologram recording 

when steady state has been reached inside the crystal. It should be stressed that the 

response of the LiNbO^ crystal is frequency dependent in general, due to the fact that the 

equations (4.1) is nonlinear and contains spatial and time derivatives. However, as the 

crystal is exposed continuously to the optical input, the available dynamic range (or 

carrier density) will decrease gradually. Eventually the crystal will be saturated (all traps 

are filled) and will no longer respond to any optical exposure. For multiplexed holograms, 

the strength of each hologram can be assumed to be equalized according to a recording 

schedule. This means tiiat photorefi^ctive response inside the crystal for both low 

frequency and high frequency components are saturated and each individual hologram has 

the same strength. For the open circuit case, we have = 0 in the equation (4.6d). We 

now define the following expressions 
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£,= | (£ ,+£ . )  £ ,= - i (£ , -£ . )  

where the index s denotes symmetry to the y-axis (even flmction, i.e., (-x) = (x)) 

and the index a denotes asymmetry to the y-axis (odd function, i.e, E^i-x) = -E^{x)). 

The symmetrical quantities describe the response that is in phase with the optical input. 

y 

A / \  / \  J \ / \ / • , 
\ / \ / w 

A A / 

A ''v/' v 

\ /"x W 
V A'' 

/ \ / 1 / 

V V V 

r , , 
/ 

A' -v./'' 
\ \ / \ ^ 

Figure 4.5 The symmetrical and asymmetrical responses of the crystal to the modulated 

optical illumination. 

The asymmetrical quantities describe the response that is out of phase with the optical 

input as shown in Figure 4.5. For example, when the diffusion is the dominant recording 

mechanism, response is always out of phase. The recorded space charge pattern is shifted 

by half a fringe from the optical fringe pattern. In general both type of responses will be 

present and Equations (4.6) can then be expressed in terms of these new quantities as 
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sD,R^PNl^+Y,Nl,n, +YR2{Nl,n,-Nl,n^)P = sI,{N^-Nl,) (4.8a) 

{s Iq +YRnQ)Nl ,  +YRN*Daf^,=sD^R^{No-Nl^)  (4 .8b)  

(•s/fl + Xs'lo )Nla + YR^Do'^a = 0 (^-^C) 

C t l Q  
qMin^E, +2{n,E,-n,EJP) + kTM-^-p[iN^ - NM-D,R,PN*^] = 0 (4.8d) 

qMin .E  ̂ + /Jq^J + kTnî  ̂+ jKn^) - p [ { N^ -  N I q)D^R q  - = 0 (4.8e) 

q^^in^Ea-^n^E^)•^kTlui^^^ jKn^)^ pNI^Iq=0 (4.8f) 

^ pt 

(4.8g) 

e{^ + jKE,) = q(N'^-n,) (4.8h) 

si^^jKEJ = q(N*^ -n,) (4.8i) 

To obtain the distribution along the x-axis, we use values typical for a crystal used in a 

memory application and consider only the leading contribution terms to simplify the 

above equations. Specifically, we neglect the diffusion terms in equations (4.8e) and 

(4.8f)(which are 1,000 times smaller than other terms for a typical crystal with following 

p a r a m e t e r s :  ^  =  0 . 9 1  c m ^  I  J ,  s !  Y r =  5 3 3  x  1 0 ^  s e c /  J  c m ,  ^ a ~  ,  
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N  I )  -  N  ̂  =  2 2  N  /7 = 1.6 X 10"^® cm^ I V ,  / /  =  I 6 c m ^  /  ( V  sec) [Burr, for example]). 

Note that the effect of the diffiosion process on the hologram recording is still kept in 

p kTK p Ke s 
equation (4.8d). Define E„ =—D^Ro, = , n, = /<,, and n„ =—DoR^. 

 ̂ Yr 

We can then express the higher frequency quantities as 

E, = + ̂  £ J (4.9a) 
"o-^oo ^0 

^ D - ^ 2 o r  isIo/yR+rio) K£{E„N;o-n„Eo)n, +n„naEo^ 
"•—TP—t"-""—TP Z 7' ^ ^'£>0 T "O 

—j£^£ eK Np NpQ {h^Eq N[jQE^)ni n^riQEi, (4 9c) 

9 R ^  DO "o 

It is possible to use these relations together with equations (4.8a), (4.8d), (4.8g) to solve 

the problems numerically. However, it is more physically insightful to seek an 

approximate analytical solution. We use a perturbation approach by defining 

"o=«oi^o+^« '  ^0=^01+^^ '  (4-10)  

where 6 n ,  6 E ,  and 6  N  are the corrections due to non-uniformity of the beam, and the 

first terms on the right hand side of each equation are solutions with uniform beam 

profiles with two interfering plane waves with uniform envelope. We note that 

pertubation approach is valid as long as the non-unifomity terms are relatively small 

compared to DC quantities. This condition is generally satisfied for holographic storage 

since non-imiformity must be kept small. We then obtain the following solution 
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(Nr, — Ntn) n,n„ . .  , ,  .  
E. '  °v '  1  go'-g../. 

"o •" DO 

n, = r (^/q /^ji +Wo) Ken„ E o .  
Lnm+ J-'^oi-o'-o 

DO DO "  ^0 
r ' f '^Of "m^D t r^ n />! 1 

• [ " „  + TT; :—:—] = n,oi 110) 

JsK sKNn-Nnon„En /A,,  \  
n;, = =--;—V » =^^°.^o (4-Hc) 

9 ^ ^'^DO "o 

for DC terms, and 

+ s^o-^)-^-^ar (.Xr^O "'"("oi-^o-^ 
= ^ ^  ( 4 . 1 2 )  

+sIo)-rR^APlo/i^M) 

d { P I I l )  
SE = F \ ° (4.13) 

ox 

^01 (^'Ij  "•" I  yg)i^DsOl ^ ^  A ) [ ^O^O-^OjOI "r^iOl ] 
F = (4.14) 

''oi 

= = (4.15) 
^ i7X 9 i7X" 

2£) ^ 
for non-uniform corrections. We have used notation for the peak fringe 

visibility in the above equations. Equations (4.12)-(4.15) describe the response of the 

crystal to the non-uniform optical illumination. As discussed in Chapter 3, the non

uniform response of phase hologram gives rise to inter-pixel crosstalk. For the purpose 

of comparing the theoretical solution to the experimental results, we have explicitly 
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factored the beam intensity dependence out of the above solutions. Since different types 

of noise have different dependence on the reference to object beam ratio, the solutions in 

Eqs. (4.11 -4.15) will be very usefiil in determining the dominant noise source. 

Given the above distributions, we now consider the process of recording a 

multiplexed hologram. Assuming that each recorded hologram has equal efGciency, we 

can then express the solution in the form 

m^l 

where the term for the M'th hologram is the hologram that is being developed. Similarly 

we can express 

With these expressions and equations (4.6), we again use the method of moment (.i.e, 

filtering out the DC terms) to obtain 

(4.17) 

(4.18) 

N* 
-^ = -sI,N*^W+sDMN^ = -sI,Nl^W^sDMN,-Nl,)-r,Nl,n^W-Y,n,Nl^W+X,-X, 

^^O^DMp y R^DO'^Mp y DUp 

where 
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W=-^Y (4 .20a)  
^ m=\ 

X, =-'iiiK^)sI,(^N^-Nl,), (4.20b) 

^2=-^^(.f^M)rRKono- (4-20C) 

and P was defined in equation (4.5). The spatial average in equations (4.20) means the 

integration over the size of the hologram. W describes the overlaping of the angular 

bandwidth between holograms, and X,, X2 describe the non-linear cross-coupling due to 

photo-reduced absorption and recombination processes in the crystal. Similarly we have 

n^+n,E^)- kTtiW(^^iKn^) + p [(iV^ -  )D,R, -1, WN'^ ] 
dt  " -  dx " (421) 

-X^+X^ -qUiEa /ivp + 

= — 9? ( A:^ )qn (4.22a) 

)p(N^ - N;,)I, . (4.22b) 

Terms A!",, X2 describe the electric field induced drift response and photovoltaic response, 

respectively, and finally we have 

(4.23a) 

je KE^p = ~ Up) • (4.23b) 
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Solving the above equations, the space-charge filed of one of M-multiplexed holograms 

is obtained 

--rK'Si +VI (4.24a) 
O4 O4 

S,=-qfiWiE,n^ +pi(,N^-Nl,)D,R,-(4.24b) 

^2 =-{sI^+YRn^)NlpW+sD^R^{No-Nlo)-YRNl^npW-{sI^ +X«no)-^flAfp (4.24c) 

53=——^. (4.24d) 
^ y DO 

(4.24e) 
£ q 

= (4.24f) 
S  4 J  

In short time Iimit(e"'^*' = 1 - 5*4/), we obtain 

E^,=S,t =piN^ -  NlMR,t-[qtiW{E,n^ +n,E^) +pI,WNl^ +X,- X,]t (4.25) 

where , E^ can be obtained using equations (4.7) and the results from equations 

(4.11). The first term on the right hand side of Eq. (4.25) is a photovoltaic response term 

and the second term describes noise. Explanation and discussions about these noise terms 

will be presented in the next section. Note that this solution is very different from the 

result of the linearized theory for a single steady-state hologram[Gu, 1991]. As will be 

discussed in the following sections, this solution contains both the photovoltaic response 
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and the noise, which previoxis theories have not been able to provide. The crosstalk noise 

and storage capacity will be discussed in the next section based on this solution. 

43 Inter-pixel, Inter-page Crosstalk and Storage Capacity 

Equations (4.1 la) and (4.25) are of most interest as far as the storage capacity and 

SNR are concerned. First we note that the first term in equations (4.25) indicates that the 

response of the crystal is proportional to the photovoltaic constant (p) and the available 

dynamic range( ). Note that the diffusion does not affect the individual 

multiplexed hologram directly, but it affects how many holograms can be multiplexed 

through equations (4.12-4.15). From equations (4.10) and (4.15), the available dynamic 

range is not uniform inside the crystal, when the intensity profiles of the recording beams 

are not imiform. This non-uniform response would modulate the recorded fringes, as 

shown in the Figure 4.4. The reconstructed image from the recorded hologram would be 

convolved by the spectrum of this non-uniform response function, similar to the 

discussed in the Chapter 3 for thin recording materials. This nonlinear, non-uniform 

convolution effect gives rise to inter-pixel crosstalk noise, which would increase as the 

photovoltaic field is built up in the crystal as more holograms are recorded. The efficiency 

would also decrease as more dynamic range is used up. The second term in equation 

(4.25) describes both inter-pixel and inter-page crosstalk noise. We note that quantities 

rip, Ep, are the response of the crystal to the modulated input signal. Since W in 

equation (4.25) is a function of the Bragg angle mistach, it contributes to the inter-page 

crosstalk. For a single page hologram recording, these quantities are zero. When a Bragg 
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mismatch condition exists, there is couping from previously recorded holograms to the 

hologram that is being recorded. The quantities and describes this noise. They do 

not show the noise coupled into an individual hologram, but indicate an aggregate level of 

inter-pixel and inter-page noise due to the non-uniformity of the (DC response 

defined in equations (4.10)). It is worth noting that the strength of the modulated field in 

the steady state given by equation (4.1 la) is determined primarily by the diffusion field 

(£o) and it is proportional to the fiinge visibility ( Pq ), in agreement with the linearized 

results. 

In general the limiting noise can be due to inter-page crosstalk, inter-pixel 

crosstalk, or other noise sources in the system. Since the storage capacity is determined 

by the saturation strength of higher frequency components of the space charge field and 

by the minimum tolerable SNR, a general result for the practical maximum storage 

capacity is difficult to obtain. The analysis of the theoretical storage capacity has been 

studied with different approaches, but they did not include the combined effects of both 

inter-pixel and inter-page crosstalk noise which will be addressed here. A quantitative 

analysis of inter-pixel crosstalk requires a study similar to that for thin holograms as 

discussed in Chapter 3 with equation (4.15) used as the nonlinear modulation function 

(similar to the function g(x^,yj in Eq. (3.7) for thin recording material). We will limit 

our discussions to a qualitative level. Qualitatively Equation (4.15) shows that non

uniform response depends on the second derivative of the beam profile. Thus a smooth 

beam profile is desired in order to minimize the non-uniform response of the crystal 
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which results in inter-pixel crosstalk. A phase mask or a sufficient defocus may be used if 

the inter-pixel crosstalk noise is to be kept to an acceptable range. In contrast, the 

suggests that non-uniformity or inter-pixel crosstalk can be reduced by jxist making the 

reference beam much stronger than the object beam. However, this prediction is not 

supported by well-known experimental observation that an optimal beam ratio is 

required to obtain maximum SNR. Further increase in the reference beam would degrade 

the SNR. The experimental results confirming these statements will be discussed further 

in next section. 

Since the diffraction efficiency is directly proportional to the recorded space-

charge field in the crystal [Burr], a SNR can be defined directly from equation (4.25) to 

analyze inter-page crosstalk generated during the recording process, 

linearized theory predicts that non-imiformity is in the form of [Burr], which 

SNR = 
DpiZof dx(N^ - iV;o(x))9l(a:)9f(x) 

(4.26) 

(4.27a) 

(4.27b) 

(4.27c) 

and 
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(x) = , (4.28) 

where is the x component of the wavenumber of the reference beam used to record 

the m'th hologram. We note that this definition includes only the inter-page crosstalk in 

the recording. Inter-page crosstalk generated in hologram reconstruction due to finite 

hologram thickness [Gii, 1992] is not included here. It should be noted that the crosstalk 

noise generated in the reconstruction process does not depend on the recording beam ratio 

directly. Term Wjipc) increases as the size of the reference beam is reduced [Gu, 1992]. It 

is worth noting that the equations (4.27a), (4.28) and (4.11) show that cx, is proportional 

to RqDq . If the multiplexing angle is made excessively small, cx, becomes the dominant 

term in total noise and the SNR is then independent of beam ratio («o is proportional to 

Iq through equation (4.10)). This agrees with our experimental observations. It also 

follows from equations (4.27b) and (4.27c) that cx^ and cx, are proportional to the 

/(, (x) (again because /Iq >^0 proportional to /g) and increases with angular bandwidth 

of the object beam. A more detailed analytical derivation of this resxilt can be obtained by 

directly evaluating Eqs. (4.27b) and (4.27c), by using a spherical wave as the object beam 

as shown by Gu[1992]. When cx^ and cxj are the dominant terms, Eqs. (4.27) predicts 

that the SNR is proportional to fringe visibility. However, inter-pixel crosstalk due to the 

object beam profile non-uniformity is increased when the visibility is increased closer to 

one, according to (4.15). Thus an optimal beam ratio exists in order to compromise the 

inter-pixel and the inter-page crosstalk, such that the total noise is minimized. The total 
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noise for the optimal beam ratio can be reduced by controlling the imiformity and angular 

bandwidth of the object beam. The experimental data supporting these results will be 

presented in following section 

4.4 Experimental Results 

Although the defocus method reduces the inter-pixel crosstalk noise, as indicated 

by equation (4.15), it does not significantly affect inter-page crosstalk ) 

since the angular bandwidth of the object beam is not changed by defocusing. Note that 

this result is obtained for beam-ratio dependent inter-page crosstalk generated during the 

recording process. It is interesting to note that the interpage crosstalk due to Bragg angle 

mismatching during the playback process has similar dependence on the angular 

bandwidth of the object beam[Gu, 1992]. However, we should note that the noise 

generated in the playback process has no direct dependence on the recording beam ratio. 

The overall SNR is limited by the noise generated in both the recording process and 

playback process. If the overall SNR has a strong dependence on the recording beam ratio 

while the efficiency is kept fixed, it then indicates that the noise generated in the 

recording process is the dominant source. The experimental results will be presented in 

next section. We will now show that the inter-page crosstalk can be reduced by using a 

phase mask. The wavefront properties near the focal plane when a phase mask is used 

have been discussed in detail in Chapter 2. Essentially, the difficulty when a phase mask 
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MP 
is not used lies in the fact that the angular bandwidth of the object beam is -pr , while 

/A 

the angular bandwidth of the information is — .(P is pixel size). 
fk 

Figure 4.6 The angular distribution of the information and object beam intensities 

for a phase mask. 

In order to minimize the inter-page crosstalk noise (cxj and ex,), the effective F-

/ 
number ("^^) must be made large to reduce the angular bandwidth of the object beam. 

However, this would degrade the optical resolution of the lens system and would increase 

the inter-pixel crosstalk noise. When a phase mask is present, the power spectrum is 

xP. 
proportional to sine (—) , which gives a spot size of — at the focus. This means the 

J A L  

angular bandwidth of the object beam and the information bandwidth are now matched at 

—. The inter-pixel crosstalk is significantly reduced since the limiting angular 

NP P 
bandwidth is reduced firom to —. Since N is typically large, an optical system with 

JA. JA. 

much higher resolution can be used to reduce the inter-pixel crosstalk. Besides the above 
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qualitative discussion, we also note that Equation (4.26b) suggests that the DC quantities 

should be reduced if the multiplexing angular bandwidth of reference beam is minimized, 

which means short circuit situations should be studied. 

Figure 4.7 The configuration used in this chapter to study the effect of a phase mask on 

SNR and storage density. The beam ratio is controlled by rotating the first half wave plate 

(next to the laser). The holograms are multiplexed with different interbeam angles, by 

translating the midtiplexing lens in the direction that is perpendicular to the reference 

beam. 
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Figure 4.8 A photograph of the eight level pseudorandom phase mask used in this 

chapter. 

Figure 4.9 The power spectra of the eight level phase mask stepped at 0.5 mm increment 

from a position 4nmi from focus to the focal position. 
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Figure 4.10 The normalized (to the focal point) peak intensity as a function of the 

defocus distance for the beam profiles shown in Figure 4.9. 
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Figure 4.11 The normalized spot size (to the minimxmi spot size) as a function of the 

defocus distance for the beam profiles shown in Figure 4.9. 
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Figure 4.12 Experimental setup for testing the performance of a phase mask with 

a LiNbOj photorefractive crystal in a 4-f system. 

/ 

/ 
/ • 
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Figure 4.13 A photograph of the 4-f lens pair and the LiNbO 3 crystal. 

A pseudorandom eight level phase mask (256 by 256 bits with a pixel size of 36 

microns ) was designed to experimentally confirm the above analysis. A half waveplate is 

used to adjust the ratio of the reference beam to the object beam. The first 4-f lens pair is 
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used to image the data mask onto the phase mask. The focal length of the second 4-f pair 

is 65mm, and the wavelength of the Argon laser is 488nm. A 

LiNbOj (l0nmi(L):7.5mm(H):5mm(W)) crystal doped with 0.0015% Fe ion 

concentration is located at the center of the second 4-f lens pair. A series of power 

spectra near the focal plane are shown in Figure 4.9 at 0.5 mm intervals along the z-axis. 

The relative peak intensity is shown in Figure 4.10. The spot size (1/e^) determined from 

Figure 4.9 is shown in Figure 4.II. It is shown that the spot sizes increased only 2 times 

in an 8mm displacement from the focal point, and the peak intensity measured with a 

small detector decreased by 5.5 times from the peak value at the focal point. These 

variations are much smaller than that of a defocused arrangement with a correspondingly 

large F-number. This is significant since more uniform intensity distributions pennit 

better beam matching at the optimal beam ratio inside the recording volume. A uniform 

spot size also allows a higher percentage of the crystal volume to be used than a faster 

expanding beam in the defocus method. 

For each beam ratio, a simple recording schedule is used to record 30 equalized 

multiplexed holograms with equal playback efficiency. The experimental setup is shown 

in Figure 4.12 and Figure 4.13. Figure 4.14 shows the scheme used for angular 

multiplexing. The reference beam is shifted by five times the Bragg angle bandwidth 

(I.5x 10^° (arc) ) of the hologram thickness to ensure that inter-page crosstalk is not 

dominated by Bragg angle overlap. The total exposure time is determined by the time to 

saturate a single hologram(when the playback efficiency no longer changes). The SNR 
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for each hologram is then determined from a histogram of the pixel intensity distributions 

for high and low levels. These intensities were calibrated against the backgroimd as 

described in Chapter 3. 

multiplexing lens Field Lens 

Figure 4.14. Angular multiplexing is achieved by translating the multiplexing lens. 
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Figure 4.15 The average SNR of 35 equalized multiplexed holograms versus the beam 

ratio (refi'obj) for the defocus and the phase mask methods. 

The average SNR of all 35 holograms is plotted as a function of beam ratio in 

Figure 4.15. It is shown that SNR is indeed a function of the beam ratio or fringe 

visibility, suggesting that crosstalk noise is dominated by the noise generated during the 

recording process. The average playback efficiency varies by less than 15 percent for 

different beam ratios. When the fringe visibility is close to unity (two beams with equal 

peak intensity), the SNR is degraded mostly by the inter-pixel crosstalk. As the fringe 

visibility is lowered from imity, the SNR is improved due to a more imiform total power 

distribution(sum of the reference beam and the object beam) in the recording region as 
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predicated by equation (4.15). As the visibility is further decreased, the inter-page 

crosstalk becomes the limiting noise source. The SNR reaches a maximum then decreases 

again. We believe that the scattering noise inside the crystal would decrease with 

increasing object beam intensity as we have discussed for a thin recording material. 

Further quantitative studies are needed to better address the scattering noise issues. For 

comparison, we also plotted the same results with a I cm defocus. It is shown that the 

SNRs are about same for unity visibility, but the peak SNR is significantly higher with 

a phase mask. This indicates that the phase mask is more effective in suppressing the 

inter-page crosstalk than in suppressing inter-pixel crosstalk. Figure 4.16 shows a direct 

image of the data mask. The hologram playback images with a defocus and a phase mask 

are shown in Figure 4.17 and Figure 4.18 at the optimal beam ratio conditions. The pixel 

intensity distribution histograms for images shown in Figure 4.17 and Figure 4.18 are 

shown in Figure 4.19. Clearly, the bright and dark pixels are more separated on the 

histogram for the phase mask case, so the probability of getting errors when the data is 

read out is lower in the phase mask case. 
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Figure 4.16 An image of the data mask(no hologram). 
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Figure 4.17 The playback image of a hologram recorded with a 5mm defocus. 
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Figure 4.18 The playback image of a hologram recorded with the eight level 

pseudorandom phase mask. 
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Figure 4.19 Histograms of the pixel intensity distributions for the images shown in 

Figures 4.17 and Figure 4.18. 

To summarize, an approximate solution to Kukhtarev eqviations for a typical 4-f 

holographic memory configuration with a LiNbO 3 crystal in open circuit condition has 

been obtained. We have found that this solution is consistent with our experimental 

observations and can qualitatively explain the experimental data presented in this chapter. 

The improvement to the SNR and storage density with a phase mask has been discussed 

and demonstrated experimentally. In addition, our approach could be extended to analyze 

short circuit situations and applied to analyze interesting problems such as dynamic 

erasure. 
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Appendix 4.1 

In order to understand the principle used in this chapter to solve Kukhtarev 

equation for mutiplexed holograms, we examine some basics of holography. 

1). For an absorption hologram, the amplitude transmittance function may be 

written [Goodman] 

t{x,) = I(x,) = t,+/3[R'+U\x^) + RU(xS + R'Uix^)] 

= t, +p[I,M + RU{xS +R'U{x,)\ 

where is the background absorption. The hologram image is reconstructed when the 

transmittance function is illuminated with the reference beam(or the conjugate of the 

reference beam): 

P(x, ) = R'it,/(X,)) = (RR')U(x^) + R't,+fi I,(X, )R + RRU(xS • 

The first term in the above equation describes the reconstructed image. The two center 

terms represents an amplitude bias and the last term an interference term. When the 

reference beam is a uniform plain wave and the spatial frequencies of the last term 

separate its spectrum from the object beam, the resultant noise is negligible. 

2). For a phase hologram, the analysis shown in the chapter gives 

PXx^ = exp[ym(/?^ ^U^m- — R^U^)jmR^U{x,) = g(x,)t/(x,). 

The playback wavefront is modulated by a factor which is proportional to the exposure 

energy. This nonlinear effect generates noise on the reconstructed image as discussed in 

chapter 3. 
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3). For a hologram recorded in a photorefractive crystal such as LiNbO^, the 

information is stored in the crystal as a photo-generated space charge field[Burr, for 

example]. The problem is then to relate the space charge field to the recording optical 

intensity, though the Kukhtarev equations. The small channel modulation approximation 

assimies that the information bearing component of space charge field is small compared 

to the DC component[Gu, 1991] 

£(x) = Eq+6 £ ( x ) ,  

and £(, ,6  E{x)  are solved by linearizing the Kukhtarev equations. It ignored the fact that 

neither nor 8 E(x) is the quantity of interest as far as the hologram reconstruction is 

concerned. If we however express the space charge field as 

E(x) = £0 +£,(x)/2* +£2 (x)/2 •/?•+..., 

then £, (x)  would represent the reconstructed image. The DC term, higher order terms in 

R' and terms proportional to R are not played back by the reference beam. This 

expression is used in this chapter to solve the Kukhtarev equations. This method takes 

advantage of the fact that only the first harmonic component of the space charge field is 

relevant for hologram reconstruction, instead of assuming AC field is small compared 

with DC field in the small modulation approximation, 

4). The procedure used in this chapter to solve Kukhtarev equations can be 

illustrated by following example. Consider a simple nonlinear system 

y(x)  = 
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which generates an output y(x) that is the square of the input source function s(x). 

Suppose  the  input  to  the  sys tem is  =  j , (x)  =  l  + a^ +asin(6x) ,  where  s,(x)  

and s^(x)  are the low frequency and high frequency components respective. The small 

modulation depth method assumes the modulation constant a to be small and expresses 

s(x) = Jo(x) + S s{x) so that 

y{x)  w (x) + Sy{x)  =  Sq  ( x )  +  2Jq ( x)55(x) = (l + a^)^ +2(l + a^)asin(£>x) 

Another method of solving this problem exists when the frequency b is very high. 

Suppose we write the solution in the form of y{x) = >',(x)+>';,(x)sin(6x), and assume 

that y, (x) and y^ (x) are band limited functions with an upper cutoff frequency c which 

is  much smal ler  than b .  We can then solve  for  y, ix)  and y^ix)  

>' ,(Xo) = -— ^y{x)dx = {\  + a^Y +2a^ -2a^ cos {Ibx^)sine {2bL) 
Xo-Z. 

J Xo+i 

yh (^0) = — I yM sva(bx)dx: = 2(1+ a^ )a[l - cos(2fexo) sin c(2bL)] + 
x„-i 

(Isin(6xo )sin c(Lb) 

+ 4a '* [- sin(6xo) sin c(bL) +— (sin(6xo) sin c(bL) + sin(36xo) sin c{ZbL)\ 
4 

when b is large enough, we can choose a scale L in which y,{x)  and y, ,{x)  don't 

change significantly, and sine {bL) » 0. This gives 

y,(Xo) = (H-a^)^+2a^ 

yHi.XQ) = 20.  + a^)a,  
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which is the exact solution. Note that this method does not assimie a small modulation 

depth and it is accurate as long as the spatial bandwidths of y,{x) and y^ix) are far 

below that of the modulation frequency b. 
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CHAPTER 5: A GALILEAN HOLOGRAPHIC 

MEMORY CONFIGURATION 

"Nothing goes on forever. There may not be another five orders of magnitude of 

improvements to be made. " 

Jack St. Clair Kilby 

Jack St. Clair Kilby, the inventor of the integrated circuit, made the above 

comment regarding the integrated circuits in I988[Dvorac]. Given the increasing demand 

on computing memory and the limitations of the current integrated circuit technology, 

the obvious direction for improving current information storage based on planar 

processing technologies is to make use of an additional degree of freedom in the third 

dimension, i.e., volume accessing technologies. Holographic information storage is 

among the most promising future technologies because of its inherent volimie accessing 

and page input/output nature which allows large storage capacity and fast parallel I/O 

capability. As suggested in previous chapters, SNRs of the current holographic memory 

systems are limited becaiise of the nonlinear nature of the available photorefractive 

recording materials and the nonuniform wavefront of the object beam. Future research on 
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the material front could lead to better materials with higher response. In this chapter, we 

present an effort to minimize the noise from the wavefront conditioning approach, i.e., 

manipulating the wavefronts by optical means to minimize the noise and to increase the 

storage capacity. Section 5.1 introduces a Galilean configuration for an improved 

wavefront conditioning capability. The properties of this configuration are discussed and 

compared to those of the defocus and phase mask methods using a 4-f system in Section 

5.2. Experimental results comparing the defocus, the phase mask, and the Galilean 

methods are presented in Section 5.3. 

S.l A Galilean Configuration 

As shown in Chapter 4, ideally a photosensitive material with linear response 

within the dynamic range to optical illumination would exhibit little inter-pixel crosstalk. 

It would also allow us to record holograms with high fringe contrast. The performance of 

holographic memory would be optimized since its dynamic range would be fully utilized 

and the diffraction efBciency would also be maximized. Furthermore, an ideal material 

for maximum storage capability would have high spatial frequency sensitivity and 

minimum response to a DC intensity input. This would allow the dynamic range to be 

used for information bearing intensity components. Another approach would be to 

operate the crystal in short circuit condition[Gu, 1992], which generally leads to lower 

sensitivity. Furthermore, it is also possible to minimize the dc photovoltaic bias by 

applying nonuniform external field to prevent the growth of the DC photovoltaic 

field[Gu, 1992]. This implies that research on developing technologies for applying 
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transparent electrodes to a crystal is perhaps worthwhile. Further studies are needed to 

better understand all of these aspects. 

The improvement of holographic storage by using pseudorandom phase masks 

over the defocus approach has been presented in previous chapters of this dissertation. 

However, further improvement in phase mask design is limited by several factors. First, 

in order to minimize the inter-pixel interference noise in the image plane, it would be 

desirable to increase the number of phase levels. This makes the optimization of the 

phase mask design more difficult since the power spectrum of a pseudorandom phase 

mask tends to become sharper and less uniform as the number of phase levels is 

increased. The cost of fabricating a phase mask with more phase levels is also greater. 

Second, as the pixel size is decreased, it becomes more difficult and more expensive to 

align each phase mask pixel exactly to a corresponding data pixel. Third, the size of the 

overall system is almost doubled because of the need to relay the phase pixels onto the 

data pixels, if the phase mask is not directly integrated with the SLM. The feasibility of 

such integration has yet to be studied. Fourth, as discussed in Chapter 2, the phase mask 

is a monochromatic device. This makes it unattractive to systems using multiple 

wavelengths. 

A Galilean configuration is shown in the Figure 5.1, which is essentially a 

Galilean telescope. The disadvantages associated with using a phase mask, as discmsed 

in the previous section, are avoided in this configuration. A negative lens is placed 

between the Fovirier transform lens and the crystal, so that a collimated beam incident on 

the first Fourier lens is collimated again after exiting from the negative lens. 
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Figure 5.1 A schematic of the Galilean configuration which uses a field lens and a 

negative eyelens. Recorded hologram image is played back using the conjugate reference 

beam. 

The multiplexed holograms are played back using a conjugate reference beam, 

which is implemented as showing in Figure 5.2. We note that a 4-f system with a negative 

lens pair inserted between the Fourier lens and the crystal does not work since the 

negative lens would break the symmetry of the optical system. The beam intensity profile 

and the information angular spectrum are also illustrated in Figure 5.1. Similar to the 
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phase mask case, the DC intensity profile is collimated in the recording region. However, 

the angular spread of the information is increased by the negative lens. The divergence 

angle of a single pixel in the recording region is the same as in the region immediately 

after the SLM and before the Fourier lens. From discussions in Chapter 4, the non-

uniformity of the object beam primarily contributes to the inter-pixel crosstalk and the 

angular spread(or the NA) of the object beam contributes to the inter-page crosstalk. We 

can thus expect that both inter-pixel and inter-page crosstalk are reduced in the Galilean 

configuration, compared with that in the defocus method. We can also expect smaller 

inter-pixel crosstalk noise than that in the phase mask method due to the absence of 

interference noise in the image plane as discussed in Chapter 2. It is however expected 

that inter-page crosstalk will be increased, compared to that of the phase mask method. In 

the following, a more detailed analysis of the various issues involved will be presented. 

The wavefront properties of this configuration can be compared to those of the 

defocus case and the phase mask case. Following the standard procedure of beam 

propagation according to Fourier C)ptics[Goodman, Gu 1992] and using the coordinate 

system shown in Figure 5.1, the field distribution in front of the negative lens (the plane 

(^pyi))is 

d(x,)e '" 'e  =/''''--9?[/,z]{</(x,)}(5.1). 

where Xq is the coordinate in object plane. The wavefront immediately after the negative 

lens (plane ) at z = / - /„ is 

U,{x,)=^[f,z]{d(x,)}, (5.2) 
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and at a distance z, behind the negative lens, the wavefront is 

m J — '•*2 J r -i 

jdc^e ^  ^ e 

. (5.3) 

It is important to note a significant difference between equations (5.2) and (5.1), 

that the non-uniform quadratic phase factor[Goodman] in Equation (5.1) is not present in 

Equation (5.2). When the negative lens is not used, both the Fresnel transform of the data 

image and the quadratic phase function of the spherical beam are recorded on the same 

hologram. The quadratic Mnges compete with the data signal for the usefiil dynamic 

range. It also causes additional crosstalk noise. For the Galilean configuration, a Fresnel 

transform is obtained for the region behind the negative lens. Another advantage of using 

a negative lens is that it provides a firee system parameter (the focal length of the negative 

lens), which can be chosen to match the information bandwidth and the maximuTn 

sampling fi-equency (the inverse of the hologram size). 

One of the advantages of storing information in the Fourier plane is its non-

localization property [Goodman]. This makes the hologram resistant to local defects in 

the media. Fourier plane storage is mostly non-local, with a minimum Fresnel number 

(zero). On the other hand, the image plane storage is completely local with an infinite 

Fresnel number. We can use the Fresnel number as a measure of the non-localization 

effects. For a given aperture size P, the Fresnel number of the defocus case is 
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(5.4) 

where z is the defocus distance. The Fresnel number for the case with a negative lens is 

positive for a negative lens), the Fresnel number in the Galilean case is always less than 

that in the defocus case for the same recording volume. We can thus conclude that the 

Galilean configuration is more resistant to the local defects than the defocus case. 

5.2 Reduction of Crosstalk Noise 

The main advantage of the Galilean configuration is that it reduces the angular 

bandwidth of the object beam intensity profile to almost zero. Since the space-bandwidth 

product is conserved, the angular spread of the information(AC term) in the Galilean 

configuration is equal to the angular spread of the beam profile(DC term) in the defocus 

configuration. Since the angular spread of AC term has no effect on the DC photovoltaic 

field according to the discussion in Chapter 4, the inter-page crosstalk is reduced. An 

analytical discussion on the inter-page crosstalk noise generated during the recording 

process has been given in Chapter 4. In a normal 4-f recording configuration, the 

information is modulated on a converging wave(object beam). An interference pattern 

between this converging wave and a plane wave (reference beam) is the input to a 

photorefiractive crystal. Due to the nonlinear nature of the photorefiractive recording 

process, the electric field generated inside the crystal is not an exact copy of the incident 

(5.5) 

where z is measured firom the negative lens. Since — is always less than one (/„ is 
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optical field. Specifically, the modulation field with high spatial frequencies (response to 

the interference term of optical intensity) is coupled to the low spatial frequencies (DC) 

photovoltaic field (response to non-interference terms). The coupling increases with the 

overlap in the frequency response of the modialated field (response to fiinges) and the 

photovoltaic field (response to DC beam intensity). In order to separate these two 

responses in the spatial frequency domain, the bandwidth of the photovoltaic response has 

to be minimized. It should be noted that although increasing the defocus distance reduces 

the inter-pixel crosstalk, it does not change the magnitude of the angular spectrum of the 

intensity profile. As a result, the defocus method is not very effective in reducing inter-

page crosstalk. In order to minimize inter-page crosstalk, a phase mask or a defocus 

configuration with large F-number Fourier transform lens pair must be used. However, 

the optical resolution is reduced with a larger F-number lens, leading to higher inter-pixel 

crosstalk. Although it has been shown in Chapter 4 that a pseudorandom phase mask can 

be used to minimize the angular bandwidth of the object beam, it requires that each pixel 

on the phase mask to be aligned to the corresponding pixel on the data mask. It also 

requires a large number of phase steps, which increases the fabrication cost. 

In order to compare the inter-page crosstalk noise for the Galilean 

configuration(and phase mask) and for the defocus, we consider the crosstalk function 

(W2) defined in chapter 4 for two plane waves 

-IF 

(5.6) 

and for a plane wave with a spherical wave: 
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(5.7) 

where C(a),S(a)  are, respectively, the sine and cosine integral functions and the 

arguments 

The and are the wavenumbers of the reference beam at two different angles for two 

multiplexed holograms. Note that since two holograms are recorded sequentially, the 

recording of each hologram would have no effect on the recording of the other hologram 

if the recording process is linear. The only crosstalk would be the inter-page crosstalk due 

to finite Bragg angle bandwidth when the hologram is played back. However, an 

additonal inter-page crosstalk is introduced in the recording process by the nonlinearity of 

the recording material. Equation (5.6) represents the crosstalk for the Galilean 

configuration. Equation (5.7) represents the crosstalk for the defocus situation (i.e., a 

converging wave) and it shows that the crosstalk in the case of a plane wave and a 

converging wave is not only proportional to the angular separation of the two 

beams(through Ar,,^^), but that it is also inversely proportional to the focal 

length(through k-^). We note that Gu(1992) arrived at the same conclusion for the inter-

page crosstalk noise in the hologram playback process due to the finite depth of the 

(5.8a) 

(5.8b) 
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hologram. Therefore, the crosstalk noise generated in both recording and playback 

decrease with the focal length. 

There are some practical advantages associated with the Galilean configuration: 

1) the system can be made very compact, because the required F-number can be much 

smaller than that in the defocxis method and the negative lens can also be designed to 

shorten the overall length of the optical system. The compact holographic memory 

without using a lens has been smdied recently[Drolet, Zhao]. However, the lensless 

configuration proposed by Zhao[1996] cannot concentrate the power of the object beam 

into a smaller region than the SLM aperture. Thus its exposure time would be much 

longer than that of a conventional 4-f configuration. In addition, since the recording 

medium is adjacent to the SLM in this configuration, the reconstructed image would be 

much more susceptible to the local defects than a near Fourier plane recording. The 

Galilean configuration can be made more compact without suffering these two 

drawbacks. 2) The use of a conjugate reference beam can also reduce some of the image 

degradation effects due to crystal nonuniformity, scattering, etc.[Yariv]. 3) The negative 

lens can be replaced by making surface of the crystal itself concave. This would reduce 

the interference fringes in the crystal due to miiltiple sxirface reflections. These fiinges 

can only be reduced with good antireflection coatings. Since the index of refraction of 

LiNbO^ is high, the quality of antireflection must be very good. The cost to coat these 

surfaces with high quality antireflection coatings could be more expensive than the cost to 

make the entrance side of the recording crystal a simple concave surface with relaxed 

requirement. This is because the tolerance on the surface quality can be relaxed with 
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conjugate reference beam [Yariv], 4) The multiple wavelengths for wavelength 

multiplexing can be used. 5) Alignment is also much easier since it does not reqtiire 

matching of a data pixel and a phase pixel. 6). The storage capacity can be increased 

compared to that of the defocus method, because the object beam is almost as collimated 

as in the phase mask method. 

Inter-pixel crosstalk can also be reduced because of the much smoother beam 

profile in the Galilean configuration, according to the discussion given in Chapter 4. This 

can be quantified by examining a Gaussian beam[Yariv] 

where oJq is the spot size at the beam waist, cd{z) the spot size at z firom the beam waist. 

In the defocus case, the beam waist can be approximated by the information bandwidth 

^ (5.10) 

and the spot size at a defocus distance z can be estimated as 

P- I 'VPz 
NP\ f  Ann f  Jtn 

where N is the number of data pixels and P is the size of a pixel. In the phase mask case, 

we have 

i.e., the beam is almost collimated. In the Galilean configuration the spot size of the beam 

can be found by simply replacing z by /„ in equation (5.11), 
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= (5.13), 
/ Tin 

again the beam is collimated since beam waist does not change with z. The spot size is 

constant in the Galilean and the phase mask configurations, but changes quickly in the 

defocus configuration. The Galilean configuration is better than the phase mask 

configuration also because the focal length of the negative lens /„ is an additional free 

parameter that is not tied to the focal length f and the pixel size P. The spot size can now 

be independently chosen to match with the information bandwidth. This would allow the 

storage capacity to be maximized. The importance of the freedom in controlling the spot 

size can be shown as follow: From equation (4.15), the inter-pixel crosstalk due to the 

non-unifomity of the beam is proportional to the second derivative of the object beam 

intensity distribution. We then have 

1 
S N cc 2. •,)gxp(- (5.14) 

Q) (z) (0 (z) 6) (z) 

where ^ is the non-uniform part of the ionized trap center concentration. In order to 

minimize the inter-pixel crosstalk noise, the information angular spectrum should be 

matched to the spot size of the beam. Since the bandwidth of the data signal is equal to 

the diffraction limited size of one pixel or © „= -L- , the minimal hologram size should 
° NP 

JL 
NP 

be 2a) However, the spot size cannot be independently controlled in both the 
° NP 

defocus method and in the phase mask method. Thus the inter-pixel crosstalk noise 
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cannot be minimized with the phase mask method or the defocns method as effectively as 

that can be achieved with the Galilean configuration. 

S3 Experimental Results 

An experiment using the setup shown in Figure 5.2 was performed to verify the 

performance of the Galilean configuration. Two half waveplates were used to adjust the 

reference to object beam ratio, while the total power is constant. Angular multiplexing 

was achieved by translating the multiplexing lens in Figure 5.2. Since the two beams in 

the reference arm are conjugates of each other for all multiplexing angles, we used one 

beam (reference beam) for recording and the other beam (conjugate reference beam) for 

playback. A total of 35 multiplexed holograms were recorded and reconstructed using the 

same conditions as described in Chapter 4. 

half 
waveplate waveplate Laser 

Multiplexing 
Lens 

Figure 5.2 Schematic of the experimental semp for the Galilean configuration. 
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The focal length of the negative lens is 5.5mm. Identical data analysis procedures as 

described in Chapters 3 and 4 were used, except that the background calibration was not 

performed. Backgroimd calibration is difScult since direct imaging without making a 

hologram is not possible for this conjugate configuration. 

Figure 5.3. A photo picture of the experimental setup of the Galilean configuration. 
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Figure 5.4. Average SNR of 35 equalized multiplex holograms versus the beam ratio for 

the defocus method and the phase mask method. 
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The SNR versus beam ratio is plotted in Figure 5.4 together with data for an eight level 

phase mask and the defocus method from Chapter 4, as a comparison. The best SNR 

obtained for the Galilean configuration is slightly lower than that of the phase mask case. 

A picture of a playback image is shown in Figure 5.5 for a peak SNR of 17.6 for Galilean 

configuration. However, the SNR stays close to the peak value for a large range of beam 

ratio. This suggests that the hologram image is limited by noise that is independent of the 

recording beam ratio. There are two sources for the flat SNR characteristic. The first is 

the limited resolution of the optical setup, which could be improved by using better 

optical components. The second is the noise due to the CCD detector system. This noise 

could be reduced by cooling the CCD to a lower temperature. In addition, since the 

background calibration is not performed for the Galilean configuration, it suggests that 

there is still room for improving the SNR with the Galilean configuration. 

Since the length of the recording crystal is 10mm, a 5.5mm defocus was used to 

ensure that the focal point was outside of the crystal. The spot size on the surface of the 

crystal in the Galilean case is thus = 52% of that in the defocus case. The 
lO.Smm 

measured efficiency on average is 1.2 times larger than the defocus method, but about 

44% of that of the phase mask method. However, about 50% of the power was lost by 

the beam splitter used in the reconstruction. This suggests that the true efficiency is about 

the same as that of the phase mask method. Based on the experimental SNR, efficiency 

and the required storage volimie, we conclude that the Galilean configuration performs 
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comparable to a phase mask. Thus the Galflean configuration is more advantageous since 

It does not require the alignment of data pixels to phase pixels. 

Figure 5.5 A picture of a playback image with a SNR of 17.6 for a hologram recorded 

using the Galilean configuration. 
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Chapter 6: Conclusions and Future Study 

This dissertation has shown the importance of wavefront conditioning for 

holographic optical data storage systems. This was accomplished with pseudorandom 

phase masks and a Galilean recording configuration using conjugate playback. 

Significant improvements in the SNR have been demonstrated experimentally. In the 

process, we have analyzed the physical origins of various noise effects and mechanisms 

which degrade the SNR of the holographic images for the thin phase(DCG) and 

photorefractive crystal recording materials. Analytical and quantitative res\ilts for the 

dependence of SNR on various system parameters and the recording conditions have also 

been obtained. 

One of the more significant results obtained is the dependence of the crosstalk 

noise on the angular spread of both the power spectrum and amplitude spectrum of the 

object beam and dependence on the ratio of the reference beam to object beam. The phase 

mask can be designed to minimize the angular spread of the power spectrum and 

amplitude spectrum simultaneously, but it also introduces inter-pixel interference noise in 

the playback image plane. A SNR of 15.7 was obtained with a six level pseudorandom 

phase mask, compared with 9.2 for the defocus method as shown in Chap. 3 for 

holograms recorded in DCG. In Chapter 4 and 5, we showed that significant 

improvement can also be achieved for multiplexed holograms recorded in a LiNbO^ 
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photorefractive crystal. For 35 multiplexed holograms, the maximized SNR (with regard 

to the beam ratio) is 18.7 with a 8 level phase mask compared to 15.2 with the defocus 

method. However, as the number of phase levels is increased further, the design, 

fabrication and alignment of the phase mask becomes more difficult. The performance of 

a phase mask is thus limited by the precision/cost of the fabrication technology and the 

algorithm used to optimize the design. More importantly, an analytic imderstanding of 

the physics of various noise sources have been developed based on the experimental 

results. As discussed in Chapter 4, the inter-page crosstalk noise is reduced as the fringe 

visibility is maximized, while the inter-pixel crosstalk noise or the nonlinear effects are 

increased as the fringe visibility is increased. It was also shown in Chapter 5 that inter-

pixel crosstalk can be reduced by using a Galilean configuration in the object beam. The 

SNR is optimized as a function of the beam ratio when the inter-page and inter-pixel 

crosstalk are about equal. This optimal SNR however depends on the recording 

conditions (wavefronts) and recording materials. When the optimal beam ratio is close 

to 1, the highest fringe visibility is achieved and the SNR is maximized . This can 

only be achieved if the inter-pixel crosstalk is negligible. 

We now conclude this dissertation by proposing a configuration which can 

improve the SNR significantly. Figure 6.1 shows this configuration. It is basically the 

same as the Galilean configuration shown in Chapter 5, except a pair of microlens arrays 

are inserted . The pitch size of the two microlens arrays are equal and matched to the 

pitch size of the smart pixel array, which integrates the SLM and the detector array on a 

single chip. Smart pixel arrays are currently a very active research area, and their 
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application to holographic storage has been investigated[Psaltis, 1997]. The spot size of 

the pixel-beam incident on a smart pixel array is reduced by the ratio of the focal length 

of the two microlens arrays. In order to have a collimated micro-beam incident on the 

smart pixel array, the effective f-number (not the f-number of the two microlens arrays) 

of the two microlens arrays must be the same. The function of the two microlens arrays is 

essential to obtain a data pattem with a reduced pixel fill-factor. This reduces the inter-

pixel crosstalk and improves the efficiency. According to the discussions in Chapter 3, 

the inter-pixel crosstalk is caused by the convolution effects in the image plane which 

spread the energy of the original pixel into a larger area. Since the active detector area for 

each pixel can be made larger than the spot size of the original beam, the enlarged beam 

due to the nonlinear convolution effect is still received inside the same pixel. This makes 

the system more tolerant to the nonlinear effects and limited optical resolution. It also 

reduces the mechanical alignment tolerance. 

(Smart pixel array) 

liSlS^rystal 

Microlens Array Microlens Array 

Figure 6.1. A proposed configuration which should improve the SNR significantiy. 
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With these improvements, we can thus expect the inter-pixel crosstalk to be significantly 

reduced. This would allow us to operate the system in the maximum fiinge visibility 

region, which minimizes the inter-page crosstalk. We can thus expect that the overall 

system SNR could be improved significantly. In addition, a phase mask can still be used 

to reduce the inter-page crosstalk further, if needed. 
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