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Abstract

An optical element that can modify the properties of a wavefront is an important device in

many optical processing applications. Liquid crystal spatial light modulators have the ability

to modulate either the phase or amplitude of a wavefront. This thesis uses commercial liquid

crystal panels from a video projector as spatial light modulators, chosen due to their low

cost, high resolution, computer controlled input, reconfigurability and ready availability.

The aim of this thesis is to investigate the suitability of the liquid crystal spatial light

modulators as versatile computer controlled optical elements. The modulation characteristics

of the panels are determined empirically and experimentally, and their performance as phase

modulators tested in the two diverse applications of computer generated holography and phase

aberration correction. In both these applications, less than ideal modulation characteristics

of the panels are compensated by various means.

The modulation capabilities of the liquid crystal panel are first tested by producing com-

puter generated holograms using well known techniques. From these investigations, a new

algorithm is developed for synthesizing phase holograms. The method allows phase holo-

grams with many quantization levels to be written to liquid crystal spatial light modulators

with less than zr phase modulation capability. Resultant images are compared with binary

(two level) phase holograms, and the new algorithm produces images of better quality.

Next, a prototype aberration correction system is developed initially using one liquid

crystal panel. A simple algorithm to extract the aberrated phase from an interferogram is

devised specifically for this purpose. While phase aberrations are compensated by the one

panel system, amplitude variation is introduced due to inherent limitations of the spatial light

modulator. A modified system uses two liquid crystal panels, with the first panel correcting

phase aberrations as before, and the second panel compensating the amplitude modulation

of the first. Results are presented showing successful correction of phase aberrations with

low amplitude modulation.

Liquid crystal technology is evolving rapidly, and it is expected that the next generation of

liquid crystal spatial light modulators will surpass the performance of the panels used in this

thesis. Currently available commercial liquid crystal panels are not perfect phase modulators

xr



because they have been designed as amplitude modulators for the display industry. Never-

theless, they are useful devices for many applications. This thesis investigates the feasibility

of creating a general purpose optical element from liquid crystal spatial light modulators, and

this study will also be relevant to the next generation of commercial or custom built devices.
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Chapter 1

Introduction

1.1 Introduction

Liquid crystal spatial light modulators (LC SLMs) based on commercial liquid crystal televi-

sion or video projector panels have been used extensively in the last decade because they are

a low cost, readily accessible, computer controlled means of adapting a wavefront. The SLMs

modulate both phase and amplitude, and can be used in a phase-mostly or amplitude-mostly

modulation mode. Spatial light modulators modify the complex amplitude of a wavefront in

thefollowingway: if thecomplextransmittance B(r,U)ofaspatiallightmodulatormodulates

an incoming wave A(*,A), the transmitted wave has a complex amplitude of A(c, y)B(r,y)

(see Figure 1.1). There has been considerable interest in using LC SLMs as phase modulators,

since alternatives such as lithographically produced diffractive optics or deformable mirrors

are expensive, or not able to be rewritten.

This thesis is a feasibility study of a commercial liquid crystal device and its potential as a

versatile computer-controlled optical element. Such an optical element would have a myriad of

uses, due to its high resolution, ability to be easily programmed, and reconfigurable nature.

A true multi-purpose optical element which could be easily adapted to many applications

has not yet been attained by the current generation of commercial liquid crystal spatial

light modulators. Disadvantages of the devices include a low transmittance, due mostly to

necessary use of polarizers, and a coupled phase-amplitude modulation. Many commercial

panels also suffer from a less than 2tr radian phase modulation capability. These issues and

their solutions are addressed in this thesis.

The phase and amplitude modulation characteristics of a liquid crystal device must be

1



2 CHAPTER 1, INTRODUCTION

determined before it is used as a spatial light modulator. Chapter 2 describes liquid crystals,

liquid crystal SLMs and the measurement of modulation characteristics. Commercial panels

are designed exclusively for display purposes i.e. amplitude variation, and their modulation

characteristics vary from panel to panel. When the panels are used as phase modulators,

a modulation capability of 2tr radians is necessary for complete control of the wavefront.

Phase modulation is wavelength dependent, so a limited phase modulation capability can be

increased by changing the wavelength, discussed in Chapter 2. The coupled phase-amplitude

modulation of commercial liquid crystal SLMs is a more serious problem. A single panel

cannot modulate the phase of a wavefront without also modulating its amplitude. One

solution is to use two panels, discussed in Chapter 4.

Despite their shortcomings, liquid crystal SLMs have been used for a variety of appli-

cations, such as optical interconnects (Yamazaki and Yamaguchi 1991, Barnes et aI 1992a),

computer generated holography (Mok eú ø/ 1986, Amako and Sonehara 1991), pattern recog-

nition (Gregory 1986, Barnes et al1989b), adaptive optics (Dou and Giles 1995), and recon-

figurable lenses (Takai and Ohzu 1996). These applications demonstrate the versatility and

potential of the devices.

t.2 Outline

While LC SLMs have become popular in the last decade for a variety of applications, the

limitations of the devices can restrict their usefulness for specific applications. This thesis

aims to investigate the performance of a particular liquid crystal display panel as a spatial

lìght modulator, and determine possible solutions to some of its shortcomings. From the

problem and its solution, the suitability of the liquid crystal panel for various applications can

be investigated, and its potential as a general computer controlled optical element assessed.

In this thesis, the first problem to be addressed is the non-ideal phase modulation char-

acteristics of the commercial panel, described in Chapter 2, and some suggestions are made

for improving the initial results. A good test of the performance of the liquid crystal SLM for

image processing is the creation of computer generated holograms, discussed in Chapter 3.

The encouraging results indicate that the panel is suitable for other applications. Chap-

ter 4 describes the major application of the liquid crystal panel in this thesis, which is the

correction of phase aberrations, the motivation for which is described later in Section 1.5.1.



1.3. LIQUID CRYSTAL SPATIAL LIGHT MODULATORS

Chapter 5 discusses the achievements of this thesis and gives recommendations for future

work.

1.3 Liquid crystal spatial light modulators

1.3.1 Types of liquid crystal spatial light modulators

Spatial light modulators are currently available in five distinct technologies: liquid crystal de-

vices, deformable mirror devices, and electro-optic, acousto-optic and magneto-optic devices.

Each type of device suits different types of applications; for instance, deformable mirror de-

vices are widely used in adaptive optics systems for large telescopes (Schmutz 1997). Liquid

crystal technology is mature due to its application in the display industry (Jutamulia and Yu

1997). This leads to competitive pricing and a rapidly advancing technology. Liquid crystal

spatial light modulators are available as reflective or transmissive, electrically or optically

addressed, phase and/or amplitude modulators.

Several types of liquid crystal materials have been used to manufacture spatial light

modulators, both commercial and custom designed. A recent review of this subject is given

by de Bougrenet de la Tocnaye and Dupont (1997). A brief description of the most popular

types will be outlined here.

The panels used in this thesis are the twisted nematic (TN) type, on which liquid crystal

television and video projector panels are based. They are described in more detail in Chap-

ter 2. Twisted nematic liquid crystals were developed mainly for the display industry, but

have been used as spatial light modulators since the mid-1980s. Early work was based mainly

on panels from black and white portable televisions, but in the early 1990s video projectors

using three liquid crystal panels (one each for red, green, and blue) became available (Kirsch

et al 1992). They have improved electronic addressing systems and higher resolution com-

pared with the now superseded black and white televisions, and have superior resolution to

colour portable televisions. Colour portable televisions use three pixels to form an image ele-

ment, and when the colour filter is removed only one-third of the pixels can be independently

controlled. Thus, they have only one-third the resolution of a video projector panel with the

same number of pixels. Zht¿, (1997) investigated the modulation properties of a colour liquid

crystal television.

Other liquid crystal materials have been used to design phase modulators. These include

3
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1,3, LIQUID CRYSTAL SPATIAL LIGHT MODULATORS

homogeneous (non-twisted) nematic devices (Barnes et aI L989b, Amako and Sonehara 1991,

Takaki and Ohzu 1996), and ferroelectric liquid crystals (Freeman et al lgg2, Löfving 1996).

High resolution homogeneous devices are similar to a retardation plate, except the retardation

is electronically controlled (Yocky et al 1990). However, although these devices are superior

to twisted nematic displays for phase modulation, they are not currently commercially avail-

able, and most have been custom made for researchers working with liquid crystal display

manufacturers. New liquid crystal spatial light modulators based on nematic liquid crystals

have just become available, but these consist of linear aÌrays only (Cambridge Research and

Instrumentation Inc, data sheet) or have a very limited number of pixels, such as 8 X 8 (Love

1997), and are expensive. Ferroelectric liquid crystal phase modulators are useful for applica-

tions that require fast switching times, but they are generally bistable devices, supplying only

binary phase modulation (de Bougrenet de la Tocnaye and Dupont 1997). Multilevel phase

modulation can be obtained by cascading two or more ferroelectric SLMs (Broomfield eú ø/

1995). Twisted nematic liquid crystals are continuously variable. Abdulhalim (1994) investi-

gated continuous ferroelectric phase-only or amplitude light modulators with fixed boundary

orientations, which are still in the early stages of research.

The modulators mentioned above are electrically addressed - a computer (or otherwise)

controls the modulation of the device by generating an electric field, which is supplied by a

pair of pixellated electrodes, shown in Figure 1.1(a). Optically addressed liquid crystal SLMs

(Armitage et al 7989) such as the Hughes liquid crystal light valve (Lu and Saleh 1991) use

an optical write-in image to produce an electric field which is proportional to the intensity

of the write beam, shown in Figure 1.1(b). The electric field is produced by electric charges

in a photoconductor layer, formed when the layer is exposed to the write beam. The write

beam then modulates the complex transmittance of a coherent input beam (the read beam).

Twisted nematic liquid crystal devices were chosen for this thesis because they are elec-

trically addressed, capable of continuous phase modulation, reconfigurable in real time, high

resolution, relatively inexpensive and readily available. They have also been extensively re-

searched (Boreman et aI 1988, Liu and Chao 1989, Lu and Saleh 1990, Okhubo and Ohtsubo

1993), and have been used for a wide variety of applications. Although other types of spatial

light modulators may be superior for specific applications, none can match twisted nematic

liquid crystals for price and versatility (Kirsch et al 1992).

5



6 CHAPTER 1. INTRODUCTION

L.3.2 Applications

Initially, researchers in the 1980s used liquid crystal televisions for optical data processing

applications (Liu et al 1985, Young 1986, Tai 1986, Yu et al1986). The promising results

led to interest in using them for a range of applications. Mok eú a/ (1986) was one of the

first to use a liquid crystal SLM to write a computer-generated hologram. Gregory (1986)

modified a liquid crystal television for use in a coherent optical correlator for real-time pattern

recognition. The discovery that twisted nematic liquid crystals were capable of continuous

phase modulation if used in a restricted operating range (Yariv and Yeh 1984, Konfoúi et

al 1988, Lu and Saleh 1990) led to an upsurge of interest, because phase modulation allows

greater diffraction ef,frciency than amplitude modulation. Early liquid crystal televisions

suffered from phase distortions due to poor quality glass substrates, which were corrected by

a variety of methods, such as the use of liquid gates (Young 1986), or holographic correction

(Casasent and Xia 1986). The new video projector panels have glass substrates with much

improved optical quality (Kirsch et al1992).

One of the most popular applications for liquid crystal phase modulators is in optical

pattern recognition. A phase-only (often binary) filter is displayed on the liquid crystal SLM,

which is placed in the Fourier plane of an optical correlator (Barnes et aI Lg89b,,DtoIet et al

1992, Sheng and Paul-Hus 1993, Ishii et al 1996). They have been used in many correlator

architectures (Gregory 1986, Yu et al1987a, Barnes et al Lgg}, Gregory et al1991, Ogiwara

et al 199L, Barnes et al 1992b). Cohn and Liang (1996) used pseudo random phase encoding

to produce full complex (i.e. both phase and amplitude) modulation in phase-only filters.

Liquid crystal SLMs became popular for computer generated holography because of the

ease with which holograms could be written to the display medium. Real-time holograms

seemed possible because of the reconfigurable nature of LC SLMs. The work of Mok et al

(1986) in using a liquid crystal SLM to create a computer-generated hologram was expanded

by several researchers. Amako and Sonehara (1990) wrote an amplitude hologram on a

"second-generation" video projector panel. However, it was the phase modulation capability

of liquid crystal SLMs that most interested researchers. Phase holograms, or kinoforms, were

the main application of computer-generated holography on liquid crystal SLMs (Barnes et ø/

1989a,Amako and Sonehara 1991, Tanone et aI lgg3, Amako et aI lgg5, Neto eú a/ 1995).

Liquid crystal displays (LCDs) also have applications in optical holography. They have

been widely used in the field of electro-holography - the creation of dynamic holographic
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images by an electrically modulated output device. Sato eú al (1992) investigated their use for

holographic television, and Hashimoto et al (1992) designed a real-time holographic system

using liquid crystal displays. In both these cases, optically generated holographic fringe

patterns read by a camela were transferred to the LCD, which reconstructed the image.

Recently, Maeno et al (1996) reported the use of five custom designed LCDs arranged side-

by-side to create a large holographic display with 15 million pixels. Ueda eú øl (1996) created

holographic stereograms using a lap top computer tCD.

Other applications of liquid crystal SLMs include optical interconnects (Yamazaki and

Yamaguchi 1991, Barnes et al lgg2a,Ichikawa et aI 1992), neural networks (Yu eú ø/ 1990),

pseudo-colour encoding (Yu eú ø/ 1987b), holographic printers (Yamaguchi et al1990, Kato eú

ø/ 1990), and active lenses (Takaki and Ohzu 1996). There has been growing interest in using

liquid crystal SLMs in aberration correction and adaptive optics systems. Chen eú ø/ (199a)

compensated for aberrations in an electron microscope using a twisted nematic liquid crystal

SLM. Adaptive optics, described in Section 1.5, is widely used to compensate atmospheric

aberrations in astronomical optical systems, usually with large, expensive deformable mirror

devices. These generally have only a limited number of independent actuators; for example,

the device used by Shelton et al(1996) had only 69 actuators. Recently, Dou and Giles (1995)

used a liquid crystal video projector panel in a closed-loop adaptive optics system. Barnes eú

a/ (1996), Gourlay et al (L997) and Larichev eú al (1997) also demonstrated adaptive optics

systems using other liquid crystal SLMs. Barnes et al tsed, an optically addressed liquid

crystal phase modulator, while Gourlay et ¿/ used a nematic liquid crystal SLM custom

designed for adaptive optics (Love 1997). Larichev et al demonstrated a feedback system for

wavefront correction using a liquid crystal light valve.

The use of two liquid crystal SLMs to provide full complex modulation was suggested

by Gregory et al (1992). They proposed independent control of phase and amplitude by

using one panel for phase modulation, the other for amplitude, in either a multiplicative or

additive architecture. The multiplicative architecture makes calculation of the desired phase

and amplitude easier. This architecture was used by Amako et al (1993) to create Fresnel

holograms, has recently been investigated by Neto et aI (lgg6), and was used in matched

filtering experiments by Ishii et aI (L996) and Takahashi and Ishii (1997). In practice, pure

phase and pure amplitude modulation is difficult to achieve on each of the two panels. This

problem is addressed in Chapter 4.
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1.3.3 Limitations

While the previous section has described the widespread interest in using LC SLMs as phase

modulators in recent years, problems with the devices were soon encountered. Early re-

searchers using twisted nematic liquid crystal SLMs were confronted with a phase modulation

capability of less than 2tr radians, or even less than zr radians, a problem which still plagues

researchers today. Solutions included double passing the liquid crystal panel (Barnes et al

1989a, Dou and Giles 1996a) or using binary phase modulation of 0 and zr radians (Lowans

et al 1992). Others modified the drive electronics to improve performance on the early liquid

crystal televisions (Aiken et al IggI). This is not so feasible today as the drive electronics on

the new liquid crystal video projectors are considerably more complicated, and there is often

limited technical data available on commercial devices. The phase modulation capability

of the new high resolution panels is often worse than the previous generation, because the

new panels are thinner and phase modulation is proportional to the thickness of the panel

(Yamauchi and Eiju 1995).

The other serious problem with twisted nematic liquid crystal SLMs is coupled phase-

amplitude modulation. Depending on the applied voltage, the devices can be operated in

a phase-mostly or amplitude-mostly regime. In general it is not possible to use them as

pure phase-only modulators, because amplitude modulation is usually coupled with phase

modulation (Lu and Saleh 1990, Laude et al 7993). The amount of coupling is strongly

device-dependent, as it is effected by parameters such as the thickness of the panel, the type

ofliquid crystal used, and the driving voltages.

These problems led to new liquid crystal video projectors being rapidly characterised as

they came onto the market, and suitable panels quickly became popular. The most widely

used projectors are the Epson Crystal Image in North America (Kirsch et aI lgg2, Laude

et al 1993) and the Seiko Epson VPJ-700 in Japan (Ohkubo and Ohtsubo 1993, Yamauchi

and Eiju 1995), which have very similar characteristics. Unfortunately, there are variations

in panels from projector to projector, and even within the same projector (Kirsh et al lgg2),

so each panel must be characterised separately.

As mentioned previously, some researchers, particularly in Japan, have used custom-

designed liquid crystal SLMs to overcome these limitations. Barnes eú ø/ (1989b), Amako and

Sonehara (1991), Takaki and Ohzu (1996) and recently Klaus et aI(1997) used a homogeneous

liquid crystal SLM, designed to provide more than 2zr radians of phase-only modulation at
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operating wavelengths. However, these were provided specially for them by liquid crystal

manufacturers (particularly the Citizen Watch Company), and are not readily available.

Therefore, efforts have been made to solve these problems in twisted nematic liquid crystals.

Dou and Giles (1996a) double passed a liquid crystal panel which doubled the phase mod-

ulation capability and removed the amplitude modulation. Double passing effectively means

the panel must be used as a reflective rather than a transmissive element, so modifications to

their optical system were necessary. Yamauchi and Eiju (1995) devised a method to evaluate

the optimum performance of twisted nematic liquid crystals for phase modulation. Neto eú ø/

(1995) adjusted the operating curve for optimal production of phase holograms. They later

used two liquid crystal televisions for full complex transmittance, and also compensated for

phase-amplitude coupling (Neto et al 1996). In this thesis, these limitations have been over-

come by a variety of methods. Phase modulation capability was increased by decreasing the

wavelength of input light, explained in Chapter 2, while amplitude modulation was removed

by the use of two panels, described in Chapter 4.

L.4 Computer generated holography

Although invented by Gabor in 1949, the field of holography languished until the invention

of the laser and the development of the off-axis reference beam hologram by Leith and Up-

atnieks (1962) in the 1960s. At the same time, faster digital computers evolved and the Fast

Fourier Transform (FFT) algorithm was developed, which had a profound impact on the field

of computational mathematics. Suddenly, it was possible to perform complex calculations

that previously had been beyond the capabilities of computers. This combination of com-

puting power and developments in optical holography led to the creation of a new branch of

holography, computet generated or digital holography.

Computer generated holography allows the formation of objects that exist only as math-

ematical descriptions. A wavefront can be produced with any desired phase or amplitude,

which may not be achievable with conventional optics. The possibilities of such a technology

are enormous. Lee (1978) divided the applications of computer generated holography into

five main areas: 3-D image display, optical data processing, interferometry, optical memories,

and laser beam scanning. Examples include early work on spatial fiIters (Lohmann and Paris

1968), 3-D displays (Waters 1968; Lesem et aI Ig68 ), aspheric wavefront testing (Wyant

I
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and Bennett 7972), holographic correction (Lee 1977), gratings (Dammann 1983), diffractive

lenses (Veldkamp and McHugh 1992) and as holographic optical elements (HOEs) in optical

systems. It has led generally to an explosion of interest in diffractive optics (Jahns eú c/

1ee7).

L.4.L Creation of computer generated holograms

In conventional (optical) holography, the interference of an object beam and a reference beam

forms an off-axis hologram, shown in Figure 1.2, where 0 is the angle between reference and

object beams. The object beam A(r,g)exp(i$(r,y)) contains information about the phase

ó@,a) and amplitude ,4,(ø,y) of the object to be recorded, and interferes with the reference

beam .R exp(i2rar), whete a = sin0/À. Fringes with intensity I(*,y) are formed, where

I(*,a) = lfu¿iz"o' I A(r,y)eiÓ(',u)¡z

: R2 + A2(r,y)+ RA(r,y)¿i(ö(,,u)-ztrar) ¡ RA(r,A)e-¿(ó(,,u)-2"",¡ (1.1)

The third term of Equation 1.1 reconstructs the object. The fourth term is a virtual

reconstruction of the object, as it is proportional to the complex conjugate of the object

beam. The real and virtual objects are separated in space due to the tilt angle a. The first

two terms can be considered as a positive intensity "offset".

The creation of a computer generated hologram (CGH) involves two major steps: encod-

ing and fabrication. In general, encoding techniques transform the object wave into a real

non-negative function that can be transferred to the display medium. Unlike conventional

holography, the construction of a computer generated hologram is not limited to interferomet-

ric representation. The type of encoding technique chosen often depends on the application

and/or the fabrication method. As advances are made in fabrication methods, encoding

methods can very quickly go out of practice (Hutchins et al LggT). There are many reviews

of the various encoding techniques. Lee (1978) and Hariharan (1984) are good reviews of

early (pre-1980) encoding methods. Bryngdahl and Wryowski (1990) offer a more mathemat-

ical treatment, and Hutchins et al (1997) compare flve modern algorithms. A collection of

significant papers in this field can be found in Lee (1992). Encoding techniques are discussed

in more detail in Chapter 3.

The first computer generated holograms were plotted on a large scale and photoreduced
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Figure 1.2: (a) Formation and (b) reconstruction of an ofi-axis hologram
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(Lohmann and Paris 1967). This technique is still used nowadays to create inexpensive holo-

grams, but with a laser printer (Lee and Casasent 1987) or colour printer (Shrauger eú ø/

1994) instead of a plotter. The demand for high spatial resolution CGHs with a large space

bandwidth product (i.e a large number of elements or pixels) in a small physical area has

led to the use of more modern techniques to create diffractive elements. Laser scanners can

cope with a large space-bandwidth product. Sandstrom and Lee (1983) used a scanning

interferometric pattern system to ¡educe the hologram write time and the scanning accu-

racy requirements. Microcircuit technology is used to etch holograms in a suitable material

with integrated-circuit techniques, producing holograms with element sizes of the order of a

micron, approaching the wavelength of visible light. Electron beam (Arnold 1985) or pho-

tolithographic fabrication (d'Auria et al 1972, Kajanto et ø/ 1989) is typically used. These

methods are relatively expensive, and are often used to make a mask from which cheaper

copies can be produced on photoresist.

Computer generated holograms can also be produced on reconfigurable devices such as

spatial light modulators. Liquid crystal spatial light modulators have been widely used as

mentioned in Section 1.3.2, although magneto-optic (Psaltis et al LgB4) and acousto-optic

(Lucente 1992) spatial light modulators have also been used to create CGHs. Although unable

to achieve the fine resolution produced by integrated circuit technology, these devices are

popular for the creation of "real-time" holograms. The fabrication step becomes trivial, while

the encoding technique becomes all-important, as computer speed is crucial to create dynamic

images (Lucente 1992). The reconfigurable nature and fast update rates of spatial light

modulators are invaluable in the creation of holograms for aberration correction, discussed

in the next section.

1.5 Holographic aberration correction

In imaging theory, paraxial (small angle) formulas are derived using first-order approxima-

tions to sine and cosine functions. Aberrations, or departures from "perfecttt (first-order)

imaging, are predicted with the inclusion of higher order terms in the approximation, nec-

essary when dealing with large angles. Third-o¡der aberrations were studied and classified

by von Seidel, and are known as Seidel aberrations. There are five Seidel aberrations for

monochromatic light, in addition to chromatic aberration due to the wavelength dependence
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of refractive indices of most common optical materials. The five Seidel aberrations are spheri-

cal aberration, coma, astigmatism, curvature of field, and distortion. A more detailed higher-

order analysis involves the use of Zernike polynomials. Formal aberration theory is beyond

the scope of this thesis. A good treatment of Seidel aberrations can be found in Pedrotti and

Pedrotti (1993), while Zernike polynomials are described in Malacara (1992).

Holographic correction of aberrations originated with Gabor (1949). A hologram was used

to produce the phase conjugate to the aberrated wavefront, which then passed back through

the aberrating medium for cancellation. A variation of this method is shown in Figure 1.3. A

(conventional) hologram is recorded of the aberrations, using the aberrated wave and a plane

wave reference beam. When the aberrated beam with object information teconsttucts the

hologram, an undistorted image is reproduced. An off-axis hologram must be used, or the

reference and aberrated beams will be superimposed. Munch and Wuerker (1989), Munch

et aI (1990), and Andersen eú a/ (1996, 1997) used this method to correct aberrated primary

mirrors in telescopes.

A natural extension of this method uses computer generated holograms as the correct-

ing element. Lemelin et al (1993) investigated CGHs for correction of aberrations in an

astronomical telescope, while Chen eú al Q99\ applied this method to remove the spherical

aberration of an electron microscope. With CGHs, the conjugate phase can be coded di-

rectly, and hence an ofl-axis geometry is not necessary. However, interferometric techniques

are frequently used to detect the phase of the aberrated wave (Malacara 1992). The CGH

can be produced on either a fixed medium, or a dynamic medium such as a spatial light

modulator. Fixed media are useful where the aberrations do not change, for example in

correcting the spherical aberration of a lens. Dynamic media are suited to situations where

the aberrations are variable, for instance in removing the effects of atmospheric turbulence in

telescopic imaging. Compensation for varying aberrations in real-time is known as adaptive

optics.

The most common spatial light modulators for adaptive optics are deformable mirror

devices. Liquid crystal spatial light modulators were suggested by Bonaccini et al (Igg0,

1991) and have been growing in popularity, as mentioned in Section 1.3.2. In Chapter 4, a

phase aberration correction system using liquid crystal spatial light modulators is developed,

overcoming many of the limitations associated with liquid crystal devices. Such a system

would be a valuable tool for aberration correction, especially as better liquid crystal devices
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become available

1.5.1 Holographically corrected telescopes

A practical application of a liquid crystal wavefront corrector was suggested by another

research project at this institution. Andersen et al (1996,1997) used a conventional (optical)

hologram to correct a severely aberrated, spherical telescope mirror, removing up to 40 waves

of aberration. However, the hologram was recorded with a (laser) beacon at the centre of

curvature of the spherical mirror (Figure l.a(a)), while the reconstruction was done with

a distant object, introducing spherical aberration (Figure 1.4(b)). Additional optics were

incorporated in the recording of the hologram to compensate for the spherical aberration,

using a lens train that added the required amount of spherical aberration (Figure t.5(a)).

Finding the correct lenses to remove a given amount of spherical aberration can be difficult.

A simpler method would be to replace the lens train with the LC StM (Figure 1.5(b)), which

could be easily progtammed to remove variable aberrations. Aoy poor efficiency of the LC

SLM would not adversely affect the performance of the telescope, because it would not form

a part of the optical train of the telescope. The low transmittance of the LC SLM could

be compensated simply by increasing the exposure time of the recording, ol using a higher

power beacon.

With current liquid crystal technology, it is not feasible to replace the conventional holo-

gram with a computer generated hologram on a LC SLM. The telescope primary used by

Andersen et aI was severely aberrated, and the resolution of the tC StM used in this thesis

was not sufrcient to adequately sample the aberrated wavefront. The low transmittance of

the LC SLM would also severely degrade the performance of the telescope. The next gener-

ation of liquid crystal devices designed for adaptive optics will have improved resolution and

transmittance (Love 1997), and may possibly replace the conventional hologram some time

in the future.

1.6 Motivation for this thesis

This thesis originated from the need for a high resolution, programmable optical element to

create computer generated holograms. As explained in Section 1.5.1, concurrent work at this

institution on holographic correction of telescopes (Andersen et al 1996,1997) required a
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mirror. (b) Reconstruction with a distant object.
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system to correct variable spherical aberration, which motivated an investigation into phase

aberration correction. Meanwhile, during this period other researchers were also exploring

the potential of spatial light modulators in a wide variety of areas. Much of the literature

mentioned in this introduction was published during the course of this thesis, but the original

work described in the following chapters was performed independently.

Liquid crystal technology was chosen due to the availability of low cost, high resolution,

computer controlled phase modulators. The new breed of liquid crystal video projectors was

emerging, and generating wide interest (Kirsch et al 1992). At the time, they represented

the best "value-for-money-per-pixe1" available. Although there were severe limitations with

the previous generation of liquid crystal black and white televisions, it was generally felt that

the video projectors had great potential for use as spatial light modulators.

In 1993, at the commencement of this thesis, the Sharp liquid crystal panels described

in Section 2.4.2 rcptesented the state of the art in liquid crystal technology. The panels

were very high resolution, high throughput devices, capable of accepting a variety of inputs.

The resolution of 643.5 X 480 pixels was a factor of 4 higher than the popular Epson video

projector (320 X 220 pixels) which was not available in Australia at that time. A microlens

array decreased the amount of pixel "dead-area", and resulted in a higher transmittance.

Since the Sharp liquid crystal panels had not previously been reported in the literature,

their suitability for phase modulation was unknown. After characterization of the panels,

it was found that they, too, suffered from some of the limitations of the previous black and

white liquid crystal televisions. This discovery was concurrent with similar work by other

researchers, described in Section 1.3"3.

Much of the work in this thesis was spent on overcoming these limitations. There are ways

of solving the many problems with twisted nematic liquid crystal devices without reducing

their ability to operate as spatial light modulators, which are described in the following

chapters. Liquid crystal technology is rapidly changing, and the panels used in this thesis

may no longer be the most suitable for these applications. Indeed, as the resolution of

commercial liquid crystal devices increases, the devices become thinner, and their suitability

for phase modulation may decline, as pointed out by Yamauchi and Eiju (1995). It may be

that purpose built spatial light modulators will be the devices of the future; however, this will

be at increasing cost. Since the high volume of sales of commercial display devices ensures

a low cost, twisted nematic liquid crystal spatial light modulators should remain popular for
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some time to come.

L.7 Summary

The following is a brief summary of the scope of the thesis.

In Chapter 2rthe modulation characteristics are determined by simulation, and the results

compared with experiment. The best configuration for phase modulation is found for the He-

Ne wavelength, but the maximum phase modulation capability is about zr, less than 2tr

required for many applications. To increase the maximum phase modulation capability, the

wavelength is decreased and the modulation characteristics re-evaluated. There is an increase

in phase modulation capability, but with a corresponding increase in coupled amplitude

modulation, which is addressed in later chapters.

Chapter 3 deals with the creation of computer generated holograms on liquid crystal spa-

tial light modulators. \Mell known techniques are initially used to test the phase modulation

capabilities of the panel. The liquid crystal panel produces high quality kinoforms at 532

nm, where an a,lmost 2zr phase modulation capability is available, but the image quality is

reduced when the phase modulation capability is around ur. A new technique is devised to

improve kinoforms on liquid crystal spatial light modulators with limited phase modulation

capability, and shows improved image quality compared with binary kinoforms.

The encouraging results in Chapter 3 led to the investigation of aberration correction

with the liquid crystal spatial light modulator, described in Chapter 4. Here the panel is

used as a wavefront corrector to remove phase aberrations. A simple correction algorithm is

developed for use in conjunction with the liquid crystal panel. Initially, a one panel system

is used, but the coupled amplitude modulation is too high to be practical, leading to the

development of a two panel system. Two approaches are used, depending on the operating

wavelength and the phase modulation capability at that wavelength. The results at 633 nm

still show unacceptably high coupled amplitude modulation, but at 532 nm, phase aberration

correction is achieved with less than 10% intensity modulation.

The results of the thesis are summarised and discussed in Chapter 5, and future work

resulting from this thesis recommended.
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Chapter 2

Liquid crystal spatial tight

modulators

2.L fntroduction

Twisted nematic liquid crystal panels are used as both intensity and phase modulators,

although they are designed for intensity modulation in televisions and video projectors. Ho-

mogeneously aligned liquid crystal panels are more suited to phase only modulation as they

do not suffer from coupled phase-intensity modulation due to polarization rotation (Barnes

et aI 1990,1992, Amako et aI 1991, 1993). However, they are not commercially available and

must be custom made, so there has been considerable research in the use of twisted nematic

liquid crystal panels as phase modulators.

In this chapter, liquid crystals and their application in the display industry are briefly

described. Jones calculus representation of liquid crystal spatial light modulators is presented

(Yariv and Yeh 1984, Lu and Saleh 1990) and expressions for phase and intensity modulation

as a function of various parameters are derived (Yamauichi and Eiju 1995). The amplitude

and phase modulation characteristics of a commercial liquid crystal panel are measured us-

ing the empirical method of Yamauichi and Eiju (1995). Wavelength dependence of phase

modulation is also investigated.

2I
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2.2 Liquid crystals

2.2.L Description of liquid crystals

Liquid crystals are substances that have the mechanical properties of liquids, but behave

optically like crystals. They are viscous like liquids, but display an ordered structure. These

properties led to them being described as "consisting of one- or two-dimensional crystals"

(Ferguson 1964).

There are three main classes of liquid crystals, based on their structure, as shown in

Figure 2.1.

smectic The molecules are arranged in a series of layers. The long axes of the rod-like

molecules are parallel, and in some cases the molecules are arranged in rows within the

layers.

nematic The long axes of the molecules are parallel, but no longer in rows or layers

cholesteric The molecules are arranged in layers but not in rows. The long axes of the

molecules are parallel within each layer, but slìghtly misaligned with the layer above

and below, forming a helical structure.

2.2.2 Optical properties

Liquid crystals have a number of optical properties in common with crystals. The two most

important for display purposes will be mentioned here.

Cholesteric liquid crystals arc opti,cally actiue; the helical structure carlses input polarized

light to change its state of polarization on output. Linearly polarized light will have its plane

of polarization rotated. This property is important in the twisted nematic effect described

later.

Most liquid crystals arc birefringent,with the optic axis parallel to the long axis of the

molecules. Nematic liquid crystals behave like uniaxial crystals, with one optic axis and two

indices of refraction. Polarized light entering the liquid crystal is split into an ordinary ray

and extraordinary ray, which travel at different speeds through the crystal.

The ordinary ray is polarized perpendicular to the optic axis, and travels with speed

aL = c/no, where zo is the ordinary index of refraction. The extraordinary ray consists of
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(a) Smectic liquid crystals (b) Nematic liquid crystals
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(c) Cholesteric liquid crystals

Figure 2.1: Types of liquid crystals



24 CHAPTER 2. LISUID CRYSTAL SPATIAL LIGHT MODULATORS

À wavelelBl,h uf incitlell, lighl,

d thickness of panel

0s angle of input director from z-axis

0B angle of output director from c-axis

2p retardation of panel

Table 2.1: System parameters of twisted nematic liquid crystals

a component which is polarized parallel to the optic axis. This component travels at speed

ull= cf ne, where z" is the extraordinary index of refraction.

Most nematic liquid crystals used in display purposes are positive uniaxial, i.e. L,n :
Tùe - Ttro ) 0, with positive dielectric anisotropy Ae = e¡¡ - €r ) 0. When an electric field is

applied, the optic axis may reorientate, depending on the direction of the applied field. Por

a liquid crystal with positive dielectric anisotropy, an electric field perpendicular to the optic

axis will apply a net torque to the molecules, causing them to re-orient parallel to the electric

field. This is the basis of the twisted nematic effect used in liquid crystal televisions.

2.3 Twisted nematic liquid crystals

2.3.L Jones matrix representation

Twisted nematic liquid crystals can be considered as cholesteric liquid crystals with a g0o

twist. Locally, it can be treated as a nematic liquid crystal; that is, as a uniaxial crystal

whose optic axis is parallel to long axis of the molecules (the director). The molecules and

hence the optic axis rotate helically in the direction of the twist (Figurc 2.2). The following

treatment is initially for no applied electric field.

Jones calculus is widely used to describe the propagation of polarized light through liquid

crystals. In the case of twisted nematic liquid crystals, the material can be divided into slices

of locally homogeneous uniaxial crystals. For each slice, a Jones matrix can be written in

terms of the local ordinary and extraordinary indices of refraction, no and. n". Then each

matrix is multiplied together to give the final Jones matrix for the medium. A description of

Jones calculus and the derivation of the Jones matrix for a twisted nematic liquid crystal with

an input director angle 05 = 0 is given in Appendix A. Table 2.1 lists the system parameters.
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Figure 2.2: Model of a twisted nematic liquid crystal
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Figure 2.3: Liquid crystal display with polarizetf analyzer configuration

For a liquid crystal with a right-handed twist angle of 0ø - 0s, where 0s and á6 are the

directors of the input and output plane, respectively, the Jones matrix is (Yamauichi and

Eiju 1995):

'1
,1

Y
\

vv

v

J : ce-i(Óo*þ)

where c is a constant representing losses in the system

l-is -h-ij
h-ii f +tg

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

(2.6)

(2.7)

(2.8)

(2.e)

2

óo

p

I 02+çet-os)2

f = 
0ø : 0s 

sin 7 sin(08 - 0s) *cos 7 cos(06 - gs)
^l

g = 9 rinl cos(/,l1 ds)
^f

h = -" -, 
tt 

sin 7 cos(d¿ - 0s) { cos 7 sin(ds - ds),|

j - 9"intsin(d¿ 1ás)

B is a measure of the retardation of the panel, shown in Table 2.1.

The liquid crystal display is usually placed between a polarizer and analyzer with angles

tþp and tþ¿, to the x-axis, respectively, as shown in Figure 2.3. The Jones matrix P(þ) for a
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polarizer with angle Ty' is

27

P(rþ):
cos2 ,þ

sin ry' cos /

sin ty' cos ty'

sinz rþ

l;;:l

(2.10)

then using Jones calculus theHence if the input polarization state has Jones vector

final polarization state is

l.r"':'.]
P(1þp)J P(1þA)

tin

Uin

ce-i(óo+9) (r,in cos ú p * U¿nsin r/p)

Xirþr,rþol 
*t" 

I
I sin r/r I

f cosþþ¡ - ,þp) t hsinþþ¡ - ,þp)

-ils cos(1þ ¡ + rþ p) j j sinþþ n + rþp))

(2.11)

where T4r",rlrn

(2.12)

The intensity transmittance Trþr,ún and phase delay 6r¡r,r¡a can be calculated via Jones

calculus, described in Section 4.1.

Trþr,,þo = "2lr¿ncosrþp 
* y¿r, sin',þ"1'litr,rpol' (2.13)

6,þr,.þo = B-ary(i,¡r'¡,) (2'I4)

2.3.2 Application of an electric fiel

When an electric field is applied to the twisted nematic liquid crystal along the z-axis, the

molecules tend to align in the direction of the applied electric field once the applied voltage

V reaches a certain threshold V" (Figure 2.4). The tilt angle 0 is given by

^ f o ,v.v"0:l tv_v¿¡ (2.15)"-ì. 
l-2cos-te-(W) , v)v"

where Vo is the voltage at which the tilt angle is 49.6o (Lu and Saleh 1990, de Gennes 1974).

For large V, the tilt angle reaches a saturation value of. r f 2, at which the molecules are

aligned with the electric field. Tilting causes the index of refraction n"(0) and hence B and

7 to change with applied voltage.

1 cos2(0) sin2(0)

@ = f*T Ql6)
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Figure 2.4: Electric field applied to liquid crystal

p !fu.{r) - n'l (2.r7)

(2.18)Þ2+çet-es)'

The Jones matrix "I of Equation 2.1 is still valid in the presence of an applied electric

field, with B now a function of voltage. The maximum value of B occurs with no electric

freId; B*o, = rd,fn.- n.ll^.When V reaches saturation value, and á -- rf2, B approaches

its minimum value; þ - 0.

2.4 Liquid crystal displays

2.4.1 Liquid crystal televisions

Liquid crystal televisions are based on the twisted nematic effect. The liquid crystal is placed

between two transparent electrodes. The 90o twist is produced by rubbing techniques (micro

scratches in one direction) on the glass electrodes, which anchors the molecules at 0o on the

inner surface of one electrode, and at 90o on the inner surface of the other electrode. When

input light is polarized parallel or perpendicular to the optic axis (or director) of the input

",|
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plane, the plane of polarization rotates in the direction of the twist. When a large electric

field is applied causing the molecules to align with the field (Figure 2.4), no polarization

rotation is observed. If the device is placed between two polarizers, these two settings will

cause an uON" and an "OFF" state, depending on the alignment of the polarizers. The

polarizers are normally in a parallel or crossed configuration, with Figure 2.5 showing the

situation for crossed polarizers. A grey level effect is produced by varying the electric field

from zero to saturation. Voltage to the pixels can be controlled in three ways: brightness and

contrast settings, and video (grey) level. Brightness acts as an offset voltage and contrast

acts as a multiplicative factor to all pixels (Laude et aI 1993), while individual pixel voltage

is supplied via the video signal or grey level.

Pixels are produced by incorporating a grid of horizontal and vertical wires on the glass

electrodes. Each intersection forms a pixel. A pixel is "turned on" when the signal from the

horizontal and vertical directions coincide. To stop cross talk between pixels, and to keep the

electric fleld constant between signals, active matrix addressing is used which incorporates

an electronic device such as a thin film transistor or ring on each pixel. The high resistance

devices work by holding the charge to each pixel constant between signals.

2.4.2 Description of the liquid crystal panel

The liquid crystal panel used in this thesis was developed for use in a commercial Sharp XG-

38008 video projector which is shown in Figure 2.6. The properties of the panel are given in

Table 2.2. The video projector consists of three liquid crystal panels, one each for red, green,

and blue. Each panel is monochromatic, i.e all the pixels can be independently controlled by

a grey level input, unlike a colour panel which only has a third of the resolution (Kirsch eú

al 1992). Active matrix addressing is used, incorporating thin film transistors in each pixel.

The video projector accepts input from RGB, PAL, NTSC, SECAM and S-video sources. A

PAL video signal generated by a video card in an IBM compatible 486 computer was used

to drive the panel through the projector electronics. The panel has 643.5 X 480 pixels in a

half dot-stagger arrangement, which is similar to the superVGA resolution of 640 X 480 used

throughout the experiment. The panel is equipped with a microlens array to improve light

throughput.
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Figure 2.5: "ON" and "OFF" settings for LCTV with crossed polarizers; (a) no electric field
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Figure 2.6: (a) The Sharp video projector and (b) the liquid crystal panel
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Screen Size 73.3 mm (H) X 54.7 mm (V)

3.6 inch (diagonal)

Pixel pitch 0.114 mm X 0.114 mm

Number of pixels Even line 644 (H) X 240 (V)

odd line 643 (H) X 240 (V)

Addressing TFT active matrix

Inputs PAL, NTSC, RGB

SECAM, S-video

Table 2.2: Specifications of the liquid crystal panel

2.6 Modulation characteristics

2.5J Desirable characteristics

When liquid crystal displays are used as spatial light modulators, they can operate in two

ways: as phase or amplitude modulators. The panels are designed to provide amplitude mod-

ulation in televisions and video projectors and this mode of operation is therefore relatively

easy to achieve. However, there is more scientific interest in using them as phase modulators.

In practice, operation is in a mixed phase-amplitude modulation mode.

The desired characteristics for phase modulation are:

o 2r or greater phase modulation.

. near linearity of phase with video signal (grey level).

. zero amplitude modulation

o high intensity transmittance

For amplitude only modulation:

o high contrast ratio.

o linearity of transmittance with video level.

¡ low phase modulation (not essential for display purposes)
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Most researchers use values o! (rþp,/td) : (0",90") for phase modulation, and (tþp,',þt) =

(90',0o) for amplitude modulation, as theoretical calculations of transmission and phase

delay show the desired characteristics at these settings (Lu and Saleh 1990). However, only

modulators which meet certain criteria possess the desired characteristics, and commercially

available products which are designed for display purposes do not necessarily fulfil these

requirements. Therefore, the best settings of (Ty'p, tÞ,0,) 
^uy 

be different to those above. The

method of Yamauchi and Eiju (1995) which is described in Appendix 4.3 determines optimal

configurations. The following sections describe the experiments used in this thesis to measure

the phase modulation characteristics of the Sharp liquid crystal panel.

2.5.2 Determination of operating conditions

Before the measurements described in Appendix A'.3 were taken, some basic properties of

the Sharp panel needed to be deduced. These include the orientation of the front director

and the direction of twist angle. Phase modulation only occurs below a certain threshold

voltage (Konforti eú o/ 1988), and this operating range also needed to be determined. An

input wavelength of 633 nm was used in the measurements.

The polarizer and analyzer angles were measured with respect to the x-axis, which was

assumed to be aligned to the front director. The first problem was to determine the alignment

of the front director. No information was given by the projector manufacturers to determine

this; however, the recommended alignment of the front and back polarizers was a ctossed con-

figuration, 45o to the horizontal. Since most liquid crystal televisions have polarizers aligned

parallel or perpendicular to the directors, this indicated that the director angle was approxi-

mately 45o to the horizontal. The alignment was verified using a parallel polafizetf analyzer

combination and assuming the twist angle was g0o. The polarizetf analyzer angle was ad-

justed until minimum intensity transmittance was achieved. The front director was in the

vicinity of 45o above horizontal. Note that in Equation 2.I2, the complex transmittance

irþr*no,rþo*so = iï,r,rþn Q.I})

where * denotes the complex conjugate, and hence the intensity transmittance

Trþr+no,rþo+go : Trþp,rþA Q'20)

Therefore the director angles can only be determined t90o from the measurements of intensity

transmittance, and the actual values deduced from phase modulation measurements.



34 CHAPTER 2. LIQUID CRYSTAL SPATIAL LIGHT MODULATORS

The next parameter to be determined was the direction of the twist angle. From Ap-

pendix A, changing from a right- to a left-handed twist results in a sign change to the

parameters å and j. Therefore, it is necessary to determine the direction of the twist angle

before the system parameters can be calculated. Okhubo and Ohtsubo (1993) suggested using

the transmittances To,+au to determine the direction of the twist angle. For a righthanded

system, with 0s = T12 and ds = Q,

To,4u = læ1, + h - i(g - j\l'
n2+

7tt + ,sin4l (2.2t)

To,-nu : *l- -Lsin21l e.22)2' 21 tr

Equations 2.21 and 2.22 were plotted for 7 € lnf2,rl, shown in Figure 2.7. Table 2.3

shows the measured transmittances To,+¿s as a function of grey level. Minimum video voltage

is applied with a grey level of 255 (white) and maximum video voltage with grey level 0

(black). From Equation 2.77, B and hence 7 decrease with increasing voltage, with maximum

values at the switched off state. Therefore 7 increases with grey level. By comparing the

shape of the transmittance curves in Figure 2.7 with the data in Table 2.3, it was deduced

that the panel had a right-handed twist, and also that 7 x 0.7r at grey level 255 and the

maximum value of 1 x 0.9r at the ¿'off" state. If grey level 0 was assumed to correspond

to a saturated electric field with 1 = T12, then c2 = 0.510.11= 0.33. These deductions are

confirmed in Section 2.5.4. For comparison, Brey level in Table 2.3 was converted to 7 using

the values calculated later in Table 2.5, intensity transmittance in Table 2.3 normalized using

?0,++s(0.52r) : 0.5, and the resulting data also plotted in Figure 2.7. Note that values of

0ø = r 12 and ds = 0 were used in the simulation, which are slightly different from those

calculated later from Table 2.5 in Section 2.5.4.

As mentioned in Section2.4.L, changing the brightness and contrast changes the voltage

to the pixels, and hence B and 7. Adjusting brightness and contrast cannot give individual

voltage control to pixels, since brightness acts as an offset voltage to the pixels and contrast

acts as a multiplicative factor. However, they do affect the operating voltage range of the

projector, and hence the system parameters. The accepted method for achieving phase

modulation is to turn the bias voltage (brightness control) to a minimum (Kirsch et aI lgg2,

Dou and Giles 1996), but this does not give information on the different functions of the

brightness and contrast settings. Therefore, in this description, an alternative method is
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used for finding the best settings for phase modulation. Brightness and contrast controls

range from -30 to 30.

Phase modulation capability 6^o¿ is the difference in phase delay at maximum and min-

imum video signals (grey level), and hence from EquaLion 2.I4 depends on the change in B

with grey level. As explained above, B and,7 increase with grey level. Hence the change in

B between grey levels 0 and 255 gives an indication of the phase modulation capability.

The transmission measurements described in Section A..3 were repeated at different set-

tings of brightness and contrast, which both varied between *30 and -30. Measurements

were taken at grey levels of 0 and 255 for each setting of brightness and contrast, and

Aþ = P(255)-B(0) determined. The results are shown in Table 2.4. The setting of contrast

- +30 and brightness : 0 which gave the maximum value of AB was used for the rest of the

experiments.

2.5.3 Experimental setup

The experiment shown in Figure 2.8 was used to measure intensity transmittances, from

which the parameters c, frgrh, j in Section 2.3 were determined using the method described

in Section 4.3. Following Yamauichi and Eiju (1995), input intensity was measured after the

polarizer oriented at an angle ry'p, eliminating the need for the term (r¿ncostþply¿nsinrlp)

in Equation 2.I1,. Since the transmitted light diffracted very quickly, the panel was imaged

using two matched 200 mm focal length lenses and the output intensity was measured in the

image plane. If the panel was not imaged, small changes in the location of the power meter

strongly affected the intensity transmittance measurements, especially later in Section 2.6

when the wavelength was decreased.

Initiall¡ a He-Ne laser was used as the light source. Linearly polarized light from the laser

was passed through a quarter-wave plate, producing circularly polarized light. This produced

a constant intensity as the polarizer angle tþp was changed. The expanded, collimated and

spatially filtered beam was then passed through the liquid crystal panel and an analyzer

with azimuth angle /¿. The output intensity was measured after the analyzer. Intensity

transmittance was measured at angles (rþp,rþt) = (0o,0o),(0o,90o), (45o, -45o), (30",60') at

video signals of off, 0, 64, I28, I92,255, where black represents a grey level of 0, and white

represents a grey level of 255. At each configuration and for each grey level, three to six sets

of measurements of intensity transmittance were taken, and the averages calculated. Since
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Grey Level To,x To,-qu

0

64

t28

t92

255

off

0.17

0.089

0.044

0.031

0.028

0.16

0.16

0.24

0.28

0.30

0.30

0.19

Table 2.3: Measured intensity transmittances for (0,+45)

Contrast Brightness Lp

30

30

0

30

0.47r

0.50r

0.35r

0

30

0

30

0.47r

0.42r

0.26r

-30

30

0

30

0.37¡r

0.32r

0.182r

Table 2.4: Change in B for various settings of brightness and contrast

37
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quarter-wave

LCD
spatial filter

analyzer Power meter
polarizer

Figure 2.8: Experimental setup for measuring transmittances

the transmittance measurements were sensitive to operating temperature, the measurements

were taken after the video projector had been running for an hour or more, after which time

the transmittance had stabilized.

Once c, f rgrh,j were determined from these transmittance measurements as explained in

Section 4.3, the remaining parameters (0ø - 0s),þ,7 were calculated from the equations in

Section 2.3. (08 - 0s) and 7 were calculated numerically from "off" (no voltage) measure-

ments using Equations 2.6 and 2.8 and Newton's method for solving simultaneous non-linear

equations. B was then calculated from Equation 2.5. (0s 1 ds) and hence 0B and 0s were

calculated from j fg : tan(Oø ¡ 0s).

After the relevant parameters had been determined, a computer simulated the best setting

of (rþp,rþ¡) for phase modulation. The simulation results were verified by measurements

of phase modulation and intensity transmittance. The Mach-Zender interferometer shown

in Figure 2.9 was used to measure phase modulation. Light from the He-Ne laser passed

through the quarter-wave plate as before, producing circularly polarized light. It then passed

through a variable beam splitter, to form the reference and test beams of the interferometer.

The polarizer at angle ry'p was placed in the unexpanded test beam. Both beams were

plate

Laser

PC

Video

Projector

t
I
I
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expanded, spatially filtered and collimated. The test beam passed through a 125 mm diameter

collimating lens and then through the liquid crystal display. This allowed the whole screen

area (90 mm diagonal) to be used in the experiment. A matchirLg d - 125 mm lens reduced

the beam size, and the coincident test and reference beams passed through the analyzer at

angle rþ¡. A CCD camera captured the final image.

Phase modulation capability is the maximum difference in phase delay caused by the

video signal. This was detected experimentally by writing a black (grey level 0) and white

(grey level 255) stripe to the panel, and measuring the fringe shift. To avoid the modulo 2zr

problem, a successive series of stripes of grey level 0/32, 0164,,0196r..., 01255 was written

and the phase shift observed. Phase modulation 6,",¿(n) for the nth grey level was calculated

by

6*"¿(n) ='# e.2B)

where d is the fringe shift, and A. the distance between fringes. Phase modulation was

measured for five fringes in each interferogram, and the average and standard error of the

mean calculated. The standard error of the mean was of the order of 5-10%.

2.5.4 Results

The computer simulation to determine the phase delay and intensity transmittance was per-

formed for every 5" of tþp and. tþ¡. Simulated phase modulation was calculated as the maxi-

mum difference in phase delay, which is

6*oit = ô(grey level = 255) - ó(grey level = 0) (2.24)

for a monotonically increasing (or decreasing) function. Intensity modulation was calculated

by

T,nod = 
max(") -.lin(") e.25)max(?)

The system parameters are shown in Table 2.5. From the values of / and /¿ for the "off"

state, atwist angleof 0.482r = 86o was calculated,. 0B*0s was determined ftom jf g,yielding

values of 0¿ - -4o and 0s = 84o. Sharp lists the twist angle as g0o with a "pre-tilt angle"

(gs) of 1-2' (Table 2.7), which compares well with the measured data.

Phase modulation measurements determined the orientation of the front director, which

was found *90o in Section 2.5.2. The orientation of the front director is shown in Figure 2.10,
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Figure 2.9: Mach-Zender interferometer for measuring phase modulation
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Table 2.5: Jones matrix parameters at 633 nm

Table 2.6: Simulation results at 633 nm

Twist angle

Pre-tilt angle

LC cell gap

Gap tolerance

900

l-20

5 - 10¡^rm

t0.5pm

4t

Videolevel B(rad) 7(rad) c h f s i
0

64

t28

r92

255

off

0.021

0.28r

0.42r

0.46r

0.502r

0.73r

0.48¡'

0.602r

0.66¡'

0.68r

0.71r

0.872r

0.57

0.57

0.56

0.56

0.56

0.58

0.0064

-0.24

-0.44

-0.54

-0.61

-0.93

0.97

0.85

0.7L

0.62

0.56

0.17

0.096

0.16

0.18

0.17

0.15

0.057

0.22

0.45

0.53

0.54

0.54

0.33

Condition (rþp,rþt) Observed

Trood

Simulated

T^ort

Observed

6^oil

Simulated

6*od.

Aligned with

director angle

(-5, S5) e2% 92% 0.751 0.76r

Maximum phase

modulation

(-35, 15) 93% too% t.7r l.6r

Minimum intensity (-80,70) I0% 16%

modulation

0.55r' 0.50r'

6n od ) ¡' with

minimum ?-o¿

(20,75) 20% 25% 1.1521 1.02r

Table 2.7: Sharp technical data for the liquid crystal panel
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and the polarizer and analyzer angles suggested by the manufacturer were approximately

(9oo, oo).

The purpose of the simulation was to determine the best configuration for phase mod-

ulation, i.e. a large phase modulation capability coupled with low intensity modulation.

Therefore, configurations were found for minimum intensity modulation, maximum phase

modulation and the condition that phase modulation be zr or greater coupled with minimum

intensity modulation. For comparison, phase and intensity modulation were calculated for

the polarizer and analyzer aligned to the director angles. Table 2.6 shows the simulation

results and comparison to measurement.

Figures 2.lI and 2.13 show the plots of phase and transmittance measurements for both

the simulation and experiment. Error bars on the phase modulation measurements indicate

the standard error of the mean. Errors in the intensity transmittance measurements are

due to measurement ertor of the power meter and are of the order of I7o, so have not been

included in the transmittance graphs.

The configuration for maximum phase modulation was accompanied by a large intensity

modulation. In addition, phase modulation was discontinuous with grey level, caused by

the phase angle jumping quadrants. This was predicted by the simulation and confirmed

by observation, as shown in Figure 2.II. lt appears that the simulation was limited in its

predictions of phase delay in areas of discontinuity. This is not a practical limitation, however,

because this configuration is undesirable for phase modulation due to the phase discontinuity

and the corresponding large amplitude modulation.

Minimum intensity modulation at (-80o,70o) was accompanied by low phase modulation,

and the measured intensity transmittance was higher than expected. Stray light, laser power

fluctuations and particularly angle reproducibility (Monroe et a|7994) were sources of error

in the measutements, which were not significant except when simulating or measuring con-

figurations with very small complex intensities, when these measurement errors could cause

false predictions in the simulation.

The case (20o, 75o) where 6 ) r with minimum intensity modulation was the most promis-

ing for phase modulation. Figure 2.12 shows the fringe shift between grey levels 0 and 255

produced by this configuration, while Figure 2.13 shows graphs of phase delay and inten-

sity transmittance. In this configuration, phase is monotonically increasing and intensity

transmittance is moderate. However, the phase modulation is well short of the 2n required.
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Figure 2.10: Orientation of the directors of the liquid crystal panel
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(u) (b)

Figure 2.L2: (a) Fringe shift showing optimal phase modulation at (20o,75"): 633 nm. (b)
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The condition that the input and output polarizations were aligned to the director angles

showed the shortcomings of the panel as a phase modulator. In this configuratiot É-.* :

þ("off") ) I.87r or alternatively r > 1.87, where r = d\,nlÀ, for ideal phase modulation (Lu

and Sa.leh 1990). B-.* was 0.73n, which is well less than the requirement. This shortcoming

of thin liquid crystal panels was also noted by Yamauchi and Eiju (1995). Since B-,* -
rd\,nlÀ ¿ rltt this implies that r = 0.73. Information on Ar¿ was not available; however

Az is approximately 0.12 at 633 nm for most liquid crystals used in display applications

(Ohkubo and Ohtsubo 1993). Using this assumption, d was calculated to be approximately

4pm. Technical data from Sharp lists a cell gap or thickness of 5-10 ¡,rm (Table 2.7), b:ut

there was no data available on An, so this calculation was not verified.

Since the liquid crystal panel is quite thin at approximately 4p,m, edge effects in the

liquid crystal layer may be significant. The liquid crystal molecules which are anchored to

the glass substrate at either end of the liquid crystal layer do not change alignment with an

applied electric field, and the effect of this alignment layer in thin liquid crystal panels may

cause inaccuracy in the predictions of the computer simulation. Coy et ø/ (1996) noted that

the edge effects are negligible when the input polarization is aligned with the front director

of the liquid crystal panel, explaining why there is excellent agreement between simulation

and experiment for the (-5o,85o) case, but some discrepancies for the other configurations

which cannot be attributed solely to experimental error. Coy et alhave included these border

effects in the Jones matrix formulation and the computer simulation may need to be altered

to incorporate these changes when dealing with thin liquid crystal panels.

Ar¿ and d are properties of the liquid crystal display and cannot be changed; however, if
the wavelength is shortened there should be a corresponding increase in r and hence B-.*.
This is discussed in the next section.

2.6'Wavelength dependence

As previously discussed, a decrease in wavelength would increase the retardation 2B -
2trd\nlÀ of the panel, and hence the phase modulation capability. Az is a property of

the liquid crystal and also has wavelength dependence, but no information was available on

the liquid crystal or its properties. If An varies slowly with wavelength in the visible region,

the inverse dependence on À dominates. To test this assumption, the laser source was changed
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from He-Ne at 633 nm to frequency doubled Nd:YAG at 532 nm.

The previously described experiment was then repeated using the shorter wavelength.

As expected, there was a corresponding increase in B, with the maximum value calculated

from "off" (no voltage) measurements and found to be 1.08¡' radians. The twist angle was

0.552r - 99o, with 0¿,0s = -18o,81o respectively. 0s and the twist angle differ significantly

from the angles calculated at 633 nm, which is most likely due to measurement error rather

than an actual change in twist angle with wavelength. The "off" measurements were very

sensitive to angle, and when the analyzer angle was changed by about 1o, the parameter /
changed dramatically by around 200%. Therefore, the twist angle was difficult to measure and

the error in 0B and 0s was estimated to be around 10o. However, B was relatively insensitive

to measurement error and varied by only 3%. The parameter c increased by about 7% ftom

633 nm to 532 nm.

Experimental measurements for the case where the polarizer and analyzet were aligned

with the front and back directors were not taken due to the discrepancy between the 633 nm

and 532 nm results. Simulation results at both (-5o,85') and (-20o,80o) predicted that once

again, moderate phase modulation was accompanied by almost 100% intensity modulation.

Alignment with the director angles can be considered to be a poor configuration for thin liquid

crystal panels. The configuration for maximum phase modulation produced large intensity

modulation and discontinuity with grey level, emulating the results for 633 nm, and was

also unsuitable to be used for phase modulation. Minimum intensity modulation was again

accompanied by low phase modulation. Figure 2.14 shows plots of intensity transmittance

and phase modulation for these configurations. The configurations for all these cases changed

slightly from the 633 nm results, which could be due to either measurement errot or the

twisted angle effect. Once again, edge effects discussed in the previous section may have

caused some discrepancy between simulation and experiment.

The (15o, 78o) case was found by using the optimal configuration of (20o,75') at 633 nm,

and adjusting the polarizer and analyzer until maximum phase modulation was produced. A

phase modulation of 1.8¡' radians with an intensity modulation of 62% was achieved, which

is better than the (0o,55o) case predicted by the simulation to be the best setting for phase

modulation. Figure 2.15 shows the fringe shift produced at (15o,78o), which is a significant

improvement on 633 nm. The increase in phase modulation capability allowed the liquid

crystal panel to be used as a phase modulator since 1.8n was sufficiently close to the desired
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Table 2.8: Jones matrix parameters at 532nm

Table 2.9: Simulation results at 532 nm

Video level B (rad) 7 (rad) c h fsi
0.0¡'

0.402r

0.552r

0.582'

0.692r

1.082r

0

64

t28

792

255

off

0.552r

0.682r

0.782r

0.85tr

0.882r

I.2lr

.58

.57

.61

.61

.62

.61

0.99

0.84

0.62

0.52

0.45

-0.15

0.078

0.20

0.11

0.0

0.0

-0.24

0.12

0.30

0.33

0.2r

0.13

-0.49

-0.0021

-0.42

-0.70

-0.83

-0.88

-0.82

Condition (rþp,rþn) Observed

T*oit

Simulated

T*od'

Observed

6*oit

Simulated

6rnoit

Maximum phase

modulation

(-30,0) 98% ee% 1.8n' 1.98¡'

Minimum intensity (-5, -35) 3l% I9%

modulation

0.7r 0.662r

6^od ) ¡' with

minimum T-r¿

(0,55) 75% 53% l.5r I.54r

Special case (15,78) 62% 76% 1.8¡' 1.54r
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2zr phase modulation capability. The rather high coupled intensity modulation was a problem,

which is dealt with in succeeding chapters.

An unusual feature was found by comparing the results for maximum phase modulation

and phase modulation greater than n with minimum intensity variation (the optimal con-

figuration for phase modulation). Maximum phase modulation increased only slightly from

633 nm to 532 nm, but varied greatly for the optimal case. For the 633 nm results, max-

imum phase modulation was greater than the retardation 2B-.* = I.46r as discovered by

Yamauchi and Eiju (1995). However, the same case for 532 nm produced a phase modulation

capability of less than 2Bn u* = 2.16r. One possible explanation for this discrepancy is that

discontinuity in phase made it impossible to detect phase jumps greater than 2r, and that

the maximum phase modulation for 532 nm could have been actually greater than the 1.98¡'

predicted. This was not important, as this configuration is unusable for phase or amplitude

modulation as mentioned previously.

The results at both wavelengths could be further compared by examining É-.*. þ^u*

increased by a8% from 633nm to 532 nm, while the increase in optimal phase modulation

capability was slightly greater at 55%. For a homogeneous (non-twisted) liquid crystal panel,

the increase in B-r* would translate directly to an increase in phase modulation capability,

which is equal to its retardation 2þ^u*. The case is more complicated with twisted nematic

liquid crystal modulators, because the polarization state is changed by the twisted angle.

The difference in ordinary and extraordinary indices of refraction at 532 nm could be

calculated from B-"* and the thickness of the panel determined in Section 2.5.4. For d = 4p,m

and B*.* - 1.08r, An was calculated to be 0.15. Okhubo et al (1994) studied the colour

modulation properties of a liquid crystal panel with an extended white light source, and used

a relationship of the form

ne : o.*ufi

n( : I +B::t, r o"+fi (2.26)

where A.,8", Ao, Bo are coeff.cients dependent on the liquid crystal material used. They

determined a value of 0.14 for An at 532 nm, which compared well with the previous cal-

culation. This calculation is useful for comparison, but since there was no data available on

the properties of the liquid crystal material used in the Sharp panel, the values of d and Ar¿

were not verified.
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Figure 2.15: (a) Fringe shift showing optimal phase modulation at (15o,78'): 532 nm. (b)
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2.7 Summary

The phase modulation characteristics of a twisted nematic liquid crystal panel must be mea-

sured before it can be used as a spatial light modulator. The characteristics determine

whether the panel is more suited to phase or to ampl-itude modulation applications. The

method of Yamauchi and Eiju (1995) based on Jones calculus predicted the best configura-

tion of polarizer and analyzer for phase modulation.

Measurements initially taken at 633 nm showed that the phase modulation characteristics

at the optimal configuration were less than the 2r required for full modulation. When the

wavelength was decreased to 532 nm, the phase modulation capability increased to almost

2tr. The best configuration for both wavelengths r¡/as not the maximum phase modulation

case nor aligned with the director angles, but was the case for phase modulation greater than

¡' with the lowest intensity modulation, confirming the results of Yamauchi and Eiju.

The thickness of the panel was estimated to be about 4¡lm, which is quite thin, and

hence the phase modulation capability was reduced compared with a thicker panel. New

liquid crystal panels with a large number of pixels are tending to be thinner than those

used by other researchers (Kirsch et aI Lgg2, Laude et aI lgg3, Soutar et aI Igg4, Dot
and Giles 1995) and achieving 2z' phase modulation capability with low coupled amplitude

modulation is more difficult for thin panels such as the Sharp panel used in this thesis. A

refinement of the Jones calculus approach may be necessary with thin liquid crystal panels to

include edge effects (Coy et aI Igg6), and may lead to more accurate predictions of phase and

amplitude modulation. While the simulation can be considered a useful guide for determining

the modulation characteristics, the results of the simulation should be treated with caution

because of measurement error and/or border effects, especially with thin liquid crystal panels.

Once the modulation characteristics were determined, suitable applications could be con-

sidered. In this case, the low phase modulation at 633 nm restricted the choice of applications,

but at 532 nm the options were greatly increased. Computer-generated holography allows

less than perfect modulation cha¡acteristics of the spatial light modulator to be compensated

in the synthesis step, and is therefore an ideal way to test the performance of the liquid

crystal spatial light modulator. This is the subject of the next chapter.



Chapter 3

Computer generated holography

3.1 Introduction

Computer generated holography, the digital equivalent of optical holography, originated in

the 1960s with the increase in computing power and the development of the Fast Fourier

Transform (FFT) algorithm. Computer generated holograms (CGHs) allow the formation of

wavefronts with arbitrary phase and amplitude, and are commonly used in testing optical sur-

faces, spatial filtering, and image display. This chapter gives a brief overview of the various

methods for synthesizing computer generated holograms, including past and current algo-

rithms. Phase holograms written on liquid crystal spatial light modulators are emphasised,

and a novel method for producing phase holograms is described at the end of the chapter.

The production of a CGH involves two major steps. First, the complex amplitude of

the wavefront at the hologram plane is calculated, often as the Fourie¡ transform of the

transmittance of the object. Unlike conventional holograms, the encoding step can be non-

interferometric and on-axis. The encoding step transforms the complex transmittance to a

non-negative function which can be transferred to the display medium. This is then used to

produce a hologram which reconstructs the object when suitably illuminated. The optical

system for reconstruction of a Fourier transform hologram is shown in Figure 3.1, where a

lens is used to perform the optical Fourier transform of the hologram and reconstruct the

image.

There have been many algorithms used to code the phase and amplitude of the wavefront.

The choice of method depends on the chosen fabrication technique. Early holograms were

printed on a large scale using a plotter and photoreduced. Current methods range from

53



54 CHAPTER 3. COMPUTER GENERATED HOLOGRAPHY
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Figure 3.1: Optical system for reconst¡uction of a Fourier transform hologram
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Figure 3.2: A typical cell from a binary detour phase hologram

lithography and laser printing in conjunction with photoreduction, to real-time holograms on

liquid crystal displays.

3.2 Early CGH algorithms

Initial research into computer generated holography used various approaches to encode arbi-

trary phase and amplitude onto a recording medium. The development of the fast Fourier

transform algorithm provided a convenient method of producing complex transmittance from

a real object. Hence, most early CGHs tended to be Fourier transform holograms. The next

problem was how to encode the phase and amplitude as a real and. positiue function, analo-

gous to the positive intensity "o set" of conventional holograms (.82 * A2 in Equation 1.1).

This section outlines some of the early approaches to this problem.

Binary detour phase holograms

One of the the first CGHs was produced by Lohmann and Paris (1967) and Brown and Loh-

mann (1969) using binary transmittance. It uses a system of cells to represent the Fourier

coefficients. Each cell is opaque, with a transparent aperture whose height and position

within the cell represent the amplitude and phase of the Fourier coefficient, respectively. The

height controls the amplitude by varying the amount of light transmitted through the cell;

the position within the cell affects the phase by altering the path length to the image (see

Figure 3.2).
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Figure 3.3: A cell with three subcells from Lee's delayed sampling method and phasor diagram

showing resultant

Lee's delayed sampling algorithm

This method consists of decomposing each Fourier coefficient into three or four phasors. Lee

(1970) divided each cell into four subcells, representing the positive and negative, real and

imaginary parts of the transmittance function. Burkhardt (1970) noted that the technique

could be simplified by using only three subcells, thereby reducing the spatial resolution re-

quired. The position of each subcell within the cell contributes to its relative phase. The

length of each phasor is adjusted by varying the transmittance of the subcell, producing a

resultant of any phase and amplitude (Figure 3.3).

Kinoform

When amplitude is unimportant, such as under diffusely illuminated conditions, a hologram

that encodes phase only can be produced. Such a hologram was named a kinoform by its

inventors, Lesem, Hirsch and Jordan (1969). In this case all cells are transparent, with the

thickness of the cell controlling the phase. Early kinoforms were designed with cell transmit-

tance proportional to to the Fourier coefficient with amplitude of unity. This was exposed

onto film, and the film bleached to convert variations in transmittance to variations in thick-

ness. Modern kinoforms can be etched using lithography or produced on phase modulators

such as liquid crystal displays. Kinoforms can diffract all the incident light into the final

image if produced correctly, which has made them very popular.

i2Ì13
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Computer-generated interferograms

Lee (1979) proposed a method to create computer generated holograms which are similar

to interferograms. The fringe patterns are binary, with fringe locations found by solving a

grating equation. This type of hologram produces a wavefront with no amplitude variation,

and is useful for recording holograms of wavefronts with large phase variations as it avoids

overlap due to phase wrapping.

3-D images

Early researchers attempted to produce three-dimensional images of simplified objects (Wa-

ters 1968, Lesem et al L968). The 3-D image was chosen to have no hidden lines, and was

represented by a series of planes. The final image was the sum of the Fourier transforms of

each plane. King eú a/ (1970) took a different approach to the 3-D problem, and suggested

calculating a series of perspective views of the object to create a digital holographic stere-

ogram. The perspective views are arranged side-by-side in a series of stripes. The final image

appears three-dimensional in the horizontal direction only.

3.3 Current methods

As the field of computer generated holography matured, so did the number of applications

and fabrication techniques. CGH encoding techniques mirror the fabrication method chosen

to produce the hologram. In the early days of computer generated holography, fabrication

techniques were very simple. The CGH was printed or plotted on a large scale, and then

photoreduced. Later, phase holograms were made by bleaching photographic film to achieve

the desired thickness variations.

With the onset of more sophisticated fabrication techniques, especially those similar to

integrated-circuit technology which produce very high resolution holograms, previous encod-

ing techniques quickly became superseded. Modern encoding techniques reflect these ad-

vances, and fall into three main categories: iterative methods, non-iterative methods which

directly sample a function, and stereograms. Iterative methods work well with complex im-

ages, while non-iterative methods are often used in conjunction with lithographic fabrication

to produce high-resolution diffractive optical elements. Digital stereograms have become

popular in the area of three-dimensional imagery as they drastically reduce the amount of
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computation required.

Iterative algorithms

Iterative algorithms are used to solve mathematical problems which do not have analyti-

cal solutions. Fienup (1980) applied these techniques to the synthesis of Fourier transform

holograms. Iterative algorithms allow the creation of holograms which have desirable char-

acteristics in both Fourier and image domains. The problem to be solved can be expressed

as follows:-

Problem: Given a set of constraints on an object, and another set of constraints on its

Fourier transform, find a Fourier transform pair which satisfies both sets of constraints.

The solution can be summarized as follows:-

Solution: Let the object be represented by /(z) and its Fourier transform by f'(z). Let the

kth iteration of /(r) be given by gk(r), and its Fourier transform by G¡(u). G¡(z) is

made to satisfy the constraints in the Fourier domain, yielding G'r(u), which is then

inverse Fourier transformed to give gL@).gi1r¡ ir used to form g¿-,.1(r) by satisfying

the constraints in the object domain, starting the next iteration.

Iteration continues until the solution converges; i.e. when the mean-squared error, defined in

the object domain by

' /å lsn+t(*) - e'r@)12d,æ"i'=ffi (3'1)

drops below a certain threshold. The mean-squared error can be similarly defined in the

Fourier domain, but for computer generated holograms, convergence in the object domain is

the relevant criterion.

For kinoform synthesis, the constraints in the Fourier domain a¡e that there is no am-

plitude variation, i.e. lGi(z)l = 1, and the phase ary(G'¡(u)) is quantized. The number of

quantization levels affects the final image quality.

Many iterative algorithms exist which follow this basic approach. Two common methods

are described here, the error-reduction and the input-output algorithms. They differ in the

formation of g¡¡1(r) ftom g'r(r).
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Error-reduction algorit hm

In this algorithm, g'¡,(x)is modified by the modulus of the original object /(ø).

9*¡1( r\ - V@)lg|'@)(')=ìffi (3'2)

Typically, the error-reduction method results in a rapid decrease in mean-squared error for

the first few iterations, followed by much slower convergence. This led to the development of

the input-output method by Fienup (1980).

Input-output algorithm

The output g*+t(r) is considered to be the sum of g¡(x) plus a perturbation Ag¿(æ).

e*+r(r) = g*(r) + þ Lg¿(r) (3.3)

where B is a constant between 0 and 1, and affects the convergence of the algorithm. For

kinoform synthesis, Amako and Sonehara (1991) used a constraint of the form

e*+r(r) = gx(*) * 
^w 

- g'k@)l (3.4)

*nlr@)lg'k@) _V@)lg+\*)l (s.5)'t@- le*(')l '
with B : 1.

The input-output method is capable of faster convergence than the error-reduction ap-

proach, however care must be taken to choose suitable values of B and Lg¿(*). Therefore, for

more complex systems such as in Section 3.4.2rthe error reduction method may be preferable

despite its slower convergence.

Non-iterative algorithms

Non-iterative methods are frequently used in conjunction with etching techniques to produce

small-scale holographic optical elements (HOEs). They directly sample the desired function

and produce a pattern to be etched onto the surface of the hologram. Typically, these methods

focus on optimizing diffraction efficiency and reducing reconstruction errors for particular

fabrication constraints of the HOE.

Various algorithms have been devised for particular fabrication techniques, which are

too numerous to mention here. However, as fabrication methods are continually improved,

encoding algorithms often become obsolete. A recent review of modern encoding techniques

is given in review of Hutchins (1997). In general, once the application of the HOE and the
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fabrication technique have been decided, the encoding technique which best suits the purpose

is chosen.

3-D displays

When computer generated holograms are designed for three-dimensional displays, the Fourier

transform of the object is no longer sufficient, since it is necessary to encode the depth of

the object. The Fresnel transform is appropriate for three-dimensional objects, but greatly

increases the amount of computation required.

Many approaches have been suggested to reduce the computation effort. Early researchers

decomposed the object into a series of parallel planes, described in Section 3.2. However, this

method was only considered for simple objects with no hidden lines (i.e. blocking of object

points on one plane by another). For some geometries, decomposition into non-parallel planes

may be more effective (Bryngdahl and Wyrowski 1990).

For display purposes, vertical parallax can be sacrificed without a noticeable loss of reso-

lution, creating the digital stereograms mentioned previously. Computation can be reduced

even further by forming the digitat equivalent of the rainbow hologram using 1-D FFTs

(Leseberg and Bryngdahl 1984). A similar method for 3-D encoding is the the partial pixel

architecture (Nordin et al 1994), which can be displayed on real-time devices such as liquid

crystal spatial light modulators. Stereograms have proved to be the most popular of modern

three-dimensional imaging techniques.

3.4 Kinoforms on liquid crystal displays

Spatial light modulators are capable of producing holograms which can be easily rewritten.

Depending on computer speed and the refresh rate of the device, holograms can be rapidly

updated to form interactive images (Lucente 1992). Spatial light modulators are used to form

both reconfigurable as well as "real-time" rapid update holograms.

Phase holograms are widely written to liquid crystal spatial light modulators, because

phase holograms are capable of greater diffraction efficiency than amplitude holograms. To

produce a kinoform or phase hologram with the greatest diffraction efficiency on a spatial

light modulator, a phase modulation capability of 2n is required. Early twisted nematic liquid

crystal spatial light modulators did not have this capability. Some researchers (Barnes eú a/
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1989a) resorted to binary kinoforms to solve this problem. Tanone et al (1993) investigated

the effect of the number of quantization levels on the final image quality. Binary kinoforms

produce two bright images, necessitating the use of carrier fringes to produce off-axis holo-

grams. Tanone et al discovered that as the number of quantization levels incteases, the real

image increases in brightness, while the virtual image is gradually eliminated.

Iterative methods are often applied to kinoforms on spatial light modulators (Mahlab eú

al 1990, Amako and Sonehara 1991). In this thesis, the error-reduction and input-output

methods were used to write kinoforms to the liquid crystal spatial light modulator at a

wavelength of 532nm. From Chapter 2, the phase modulation capability at this wavelength

was 1.8r. The input object shown in Figure 3.4 was multiplied by a pseudorandom phase

array to compensate for loss of amplitude information in the hologram, producing degradation

in the reconstruction in the form of speckle. The number of grey levels used were 2 (binary)

and 256. In the case of 256 grey levels, quantization was achieved by converting phase into

grey level using the phase modulation characteristics of the panel, then converting grey level

back to phase. Similar results were given by both approaches, with holograms synthesised by

the error-reduction method shown in Figure 3.5 and Figure 3.6, and the input-output method

in Figure 3.7. The binary kinoform reconstructed two equally bright real and conjugate

images, as expected. The faint conjugate images produced by the 256 grey level kinoforms

were most likely due to the phase modulation capability of less than 2tr (Tanone et al L993).

The coupled amplitude modulation introduced by the liquid crystal spatial light modula-

tor was ignored, but was expected to produce some reduction in image quality. If the images

in Figures 3.6 and 3.7 had been severely degraded, the amplitude modulation of the device

could have been compensated by including it in the constraints of the iterative method (Haist

et al 1997). However, since the image quality in Figures 3.6 and 3.7 was comparable to that

produced by other researchers (Tanone et al IggS), compensation was felt to be unnecessary.

3.4.1 Kinoform with panel aberrations corrected

The kinoforms calculated in Section 3.4 made no allowance for the phase distortions intro-

duced by the liquid crystal panel. As shown later in Chapter 4, there is noticeable phase

aberration due to the variations in thickness ofthe glass substrate. The phase aberration for

the panel was calculated in Chapter 4, and was removed by applying the conjugate phase to

the panel. This technique can also be used to remove the effect of the panel aberration on
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Figure 3.4: Input object of the letter E

the kinoform, by adding the conjugate phase to the calculated phase of the object.

Results are shown in Figure 3.8 for a hologram with 256 grey levels calculated by the

error-reduction method. Comparison of Figure 3.6 and Figure 3.8 shows that slightly more

light has been diffracted into the real image. However, there is no noticeable improvement

in the image quality, meaning that the aberrations of the panel had a negligible effect on the

final image, and may be neglected.

3.4.2 Kinoform with three phasors

This method of encoding a kinoform was devised for this thesis in response to the limited

phase modulation capability of the Sharp liquid crystal display. Unlike binary kinoforms,

it requires only 2trf3 radians of phase modulation capability, well within the range of most

liquid crystal spatial light modulators. It was based on Lee's delayed sampling algorithm (Lee

1970) for encoding amplitude holograms, described in Section 3.2. Lee divided each cell into

four subcells, representing four phasors on the complex plane. The length of each phasor is

adjusted by varying the transmittance of each subcell. The relative phases of the subcells are

given by the delayed sampling effect which is only applicable to Fourier transform holograms.

A brief one-dimensional discussion of the delayed sampling effect will be given here. Let

G(u) be a real non-negative function and g(a) be its Fourier transform confined to a range

W. Let G"(u) be the sampled version of G(u),

G(") t 6(u-ndtb)
?¿= - oo

oo

G(") D 6(u-nlw+b)

oo

G"(u)

?z= -oo

(3.6)
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(u)

(b)
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Figure 3.5: (a) Hologram and (b) reconstruction of a binary kinoform : error-reduction

method
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(")

(b)

Figure 3.6: (a) Hologram and (b) reconstruction of kinoform with 256 grey levels : error-

reduction method
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(")
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(b)

Figure 3.7: (a) Hologram and (b) reconstruction of kinoform with 256 grey levels : input-

output method
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(u)

(b)

Figure 3.8: (a) Hologram and (b) reconstruction of kinoform with liquid crystal panel aber-

rations removed
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where ó(z) is the Dirac delta function, d : llW is the sampling interval, and b is a shift

parameter. The Fourier transform ø"(ø) of G"(u) is given by

e"(x) =,å s@ - nw)¿i2nntw (B.z)

The object g(c) is reproduced at locations n = nW by g(* - nW) due to the pixel structure.

Since g(ø) is restricted to a range W, there should be no overlap of the functions g(n - nW).

The phase factor exp(i,2trnbW) is the basis of the delayed sampling effect.

If a complex function F(z) with Fourier transform Í(*) = Ff @@)) is decomposed into

three real and non-negative components (Burckhardt 1970),

F(") = lF(u)leiÓ(")

= Ft(u) ¡ F2(u)e¿2"/3 ¡ F"(u)e¿a"/3 (3.8)

the hologram H(u) formed from -F(z) is

H(") t H^(u)
oo

n=-OO
3

/c=1

with fI"(z) ! n{") 6(u - (3n - k + L) l3w)) (3.e)

This is essentially the same as Equation 3.6, with ô = (k - I)13W. Hence, from Equation 3.7

the Fourier transform h(r) of 11(z) is given by

h(*) = ,ä 
h^@)

with å,,,(c) : i tU, - nw) "in(k-r)2trl3 (3.10)
&=l

ht(*) = h@ -W) + lz(* -W)¿iurls + h@ -W)eitt'lz

= Fr@@))

Hence the hologram formed by decomposing F(z) into three phasors reconstructs /(z) (re-

produced at locations x-nW) as required.

In this version of Lee's method, each cell is divided into three subcells or phasors, each

covering one-third of the complex plane. For a phase hologram, the length of each phasor

remains constant. Therefore, instead of applying amplitude modulation to each subcell to

produce a final resultant, each phasor is rotated by an angle given by the amount of phase

modulation applied to the subcell.
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Let the first phasor be represented by eiorthe second by eà2"/3, and the third by ei4î/3.

If the required phase modulation to the whole cell is /, then in analogy to Equation 3.8 a

phase modulation of a,8,7 is applied to the three subcells respectively, where

"iô 
_ 

"ia "io 
+ e¿B ei2"/3 ¡ ¿h "iatrls (g.11)

and

arþr'Y =

ó,0,,i if 0< ó<+
i,@-T),0 ir?< ó<+
o,i,(ô-T¡ if 4rr< ó<2tr

(3.12)

This has the effect of rotating the appropriate phasor to represent þ, while the remaining

two phasors cancel. Figure 3.9 shows the representation on in a Wessel-Argand diagram for

the case 0 < ó < 2tr 13. The cancellation is achieved by rotating one of the other phasors by

n f S,tntil it is equal and opposite to the the remaining phasor. The maximum value of a, B,

or 7 is 2rfSradians.

Phasor rotation requires at least three phasors to cover the whole complex plane. Two

phasors exp(eO) and exp(i/), representing the top and bottom halves of the complex plane,

respectively,cannotproducearesultantwithintheregionsrlS<þ<2rl3and4rf3<ó<

5zr'/3 (see Figure 3.10). Hence three phasors are needed when the maximum rotation of each

phasor is at most r radians.

A hologram of the letter "F" was written to the liquid crystal spatial light modulator using

this method. The input object is shown in Figure 3.11. The error-reduction method was used

to synthesizethe kinoform. Once again, the input object was multiplied by a pseudorandom

phase array. To preserve the aspect ratio, each Fourier coefrcient was allocated a 3 X 3 cell,

rather than the 3 X 1 cell suggested by Burkhardt (1970). For an input resolution of 64 X

64, a hologram of 192 X 192 was produced, shown in Figure 3.12. In the error-reduction

algorithm, phase in the Fourier domain was calculated by the three-phasor method on each

iteration. Quantization was achieved in a similar manner for the kinoforms described in

Section 3.4. On each iteration, tesampling in the object domain at the original resolution

compensated for the 9:1 resolution ratio in the Fourier and object domains.

Figure 3.13 shows the resulting image. Holograms were reconstructed at a wavelength of

633 nm. The polarizer and analyzer were set at 20o and 75o to the the front director, respec-

tively, which from Chapter 2 produced a phase modulation capability of 1.121 radians and
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e i?r ei0

c

Figure 3.10: The shaded area indicates the region of the complex plane which cannot be

covered by the two phasors exp(iO) and exp(izr), representing [0,2r] and ltr,2rl respectively.

For example, the vector OC can only be resolved into 2 vectors OA and OB in the lower

complex plane.

Figure 3.11: 64 X 64 input object of the letter "F"
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an amplitude modulation of 20%. Phase v/as quantized with 184 grey levels for a maximum

phase modulation of 2trl3. The pseudorandom phase function used in the synthesis of the

hologram caused speckle in the reconstruction.

For comparison, both a Lee hologram of the same 64 X 64 input object and a binary

kinoform of a similar object with a resolution of 256 X 256 pixels were calculated. In both

cases, the input object was multiplied by a random phase function to reduce the dynamic

range of the hologram. The binary kinoform was reconstructed with the same polarizer

and analyzer orientation. For the Lee amplitude hologram, the polarizer and analyzer angle

were adjusted to -80o and -5o, which resulted in no phase modulation and an amplitude

modulation of 83%. Figure 3.14 and Figure 3.15 show the reconstructions. Again, the

use of a random phase array in synthesizing the holograms cansed some degradation in the

reconstructions due to speckle.

The binary kinoform occupied almost twice the area of the other two holograms because

of the difference in space-bandwidth product. The resulting increase in light throughput was

compensated by replicating each hologram over the entire liquid crystal panel, ensuring that

the same total input povrer was used to reconstruct all three holograms.

A real and conjugate image is produced by atl three methods, although only the real

image has been shown. This reduces the amount of available resolution or space bandwidth

product, since the object must be shifted from the optic axis to avoid overlap of the real and

conjugate images (Tanone et al1993). The object can occupy a maximum of only one-quarter

of the available area as indicated by Figure 3.11.

The binary kinoform (Figure 3.15) produced a bright image with some loss of high spatial

frequencies due to the use of only two quantization levels. Lee's method (Figure 3.14) re-

constructed an image of lower diffraction efficiency than the phase holograms, because more

light was diffracted into higher orders (not shown). The three-phasor kinoform produced an

image with superior spatial resolution to a binary kinoform while using or/ry 67% of the phase

modulation capability, but was about half as bright.

3.5 Implications

The results of this chapter show that the Sharp liquid crystal spatial light modulator was

capable of producing acceptable phase holograms, despite its limited performance as a phase
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Figure 3.12: Hologram synthesised using method of three phasors

Figure 3.13: Reconstruction of the hologram in Figure 3.12: real image
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Figure 3.15: Reconstruction of a binary phase hologram: real image
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modulator. When a phase modulation capability of almost 2r was available aI 532 nm, both

the error-reduction and input-output methods produced the high quality kinoforms shown

in Figures 3.6 and 3.7, despite the coupled amplitude modulation and phase distortions

introduced by the panel. However, when a restricted phase modulation capability of about zr

was used, some reduction in image quality was seen in the binary kinoforms in Figures 3.5 and

3.15, due to quantization error. A novel method for encoding phase holograms was devised to

compensate for the low phase modulation capability at the He-Ne wavelength, and allow for

a greater number of quantization levels than a binary kinoform, at the sacrifice of resolution.

The method produced an image of better quality than a binary kinoform, but did not attain

the image quality of the kinoforms produced with an almost 2zr phase modulation capability.

This chapter has shown that the less than perfect phase modulation characteristics of the

liquid crystal panel were able to be tolerated, because only the intensity distribution of the

reconstructed image is important in computer generated holography.

The encouraging performance of the liquid crystal panel indicated that it might be suited

to other phase modulation applications. Another research project at this institution (Ander-

sen eú a/ 1996) inspired the proposal of a phase aberration correction system using the liquid

crystal spatial light modulator, which is the subject of the next chapter.



Chapter 4

Aberration correction

4.L Introduction

Holographic correction of aberrated wavefronts was first proposed by Gabor (1949), who sug-

gested modulating the wavefront with a phase conjugate to the aberrations. Spatial light mod-

ulators are ideal for this purpose because the conjugate phase can be easily written to the de-

vice which is placed in the aberrated wavefront. If the aberrated wavefront is Aexp(i/(*,y)),

where ó(*,y) is the aberrated phase, and a phase modulation of -þ(r,y) is applied to the

spatial light modulator, the transmitted wavefront will be Aexp(iS(r,y))exp(-iS(r,y)): A,,

i.e. a wavefront with uniform phase is produced. Interferogram analysis often determines the

aberrated phase. In this thesis, phase is extracted by fringe location in an interferogram.

In this chapter, the phase aberration correction algorithm and experimental setup are

described, and correction techniques ofother researchers are reviewed. The correction system

initially used a Mach-Zender interferometer with one liquid crystal spatial light modulator.

Good results for phase aberration correction were obtained, but accompanied by coupled

intensity variation. The introduction of a second panel overcame the limitations of the one

panel system. The final system achieved phase aberration correction with less than L0%

amplitude variation.

4.2 Correction technique

Determination of the aberrated phase of the wavefront is the first step in phase correction.

Section 4.2.1 outlines some of the algorithms available in the literature. In this thesis, the

75
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Figure 4.1: Determination of phase from an interferogram

technique used to detect phase is based on location of fringes in interferometric data. Intu-

itively, the interferogram may be viewed as a "contour map" of the phase, with the fringe

centres acting as contours. Between contours, the wrapped phase varies between 0 and 2er,

with the phase þ at a point P on the interferogram approximated by

ó@:2+ (4.1)

where d is the distance from P to the nearest contour, and r\. is the distance between contours.

Figure 4.1 shows the case where the midpoints between contours are used as the reference

phase. Hence, the problem is reduced to finding the fringe centres in the interferogram.

The method is a very simple algorithm which does not require complex computation. It

cannot be used with closed fringe loops, but these can be easily avoided by adding appropriate

tilt to the reference beam. Correction is also limited to wavefronts with phase and amplitude

variations of much slower spatial frequency than the pixels of the tC StM.

Consider the interference between the aberrated wavefront AexpfiS@,y)] and a tilted

plane wave C expl-i2r/eo], where, for simplicity, tilt with carrier frequency /6 has been

added in the o-direction only. The intensity I(*,a) of the interferogram is given by

I(r,ù = lAlt + lCl' + 2AC cosfs(n,a) + 2r fsnl

= lll'+lcl'+2AC cos[þ'(r,y)] (4.2)

where ó'(*,g) = ó(*,y) | 2tr fsr (4.3)

In this case, the interferogram consists of a set of vertical fringes shifted locally by the phase

ó(r,g).Intensity will be at a maximum at points where ó' = 0, and minimum where ó' : o.
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Hence, the fringes are located at points ç' = (2n * 1)zr, where n is an integer. Points with

phase ó' = 0 are located. midway between fringes. In practice, intensity fluctuations can carlse

an error in fringe detection, if it is assumed that there is no amplitude variation in either

test or reference beams. Hence fringes cannot be detected as pure intensity minima in the

interferogram, but rather as local minima of points below a certain local intensity threshold

(Malacara 1992), assuming that the background intensity variation is much slower and the

spatial variation of þ(x,y) is somewhat slower than the carrier fringe frequency /¡. This is

a reasonable assumption for practical aberrators where sufficient tilt has been added to the

reference beam to remove all closed fringe loops. The data is analyzed line by line, where

the fringes are more or less perpendicular to the scan line, and a floating local threshold

calculated for each line. Noise is removed by applying a smoothing algorithm. Midpoints

between fringes are taken to be points of zero phase (the reference points), and the distance

between reference points is the local wavelength, Ä(r, y) of the interferogram (see Figure 4.1).

Phase determined in this manner is wrapped i.e. modulo 2r. It is not necessary to unwrap /
as the liquid crystal spatial light modulator has a phase modulation capability of the order

of 2r.

The sign of the phase is made consistent by arbitrarily calculating positive distance and

hence phase to the right of a reference point. The actual polarity of the aberrated phase

cannot be determined from static interferogram analysis (Malacara Igg2), but if necessary

this could be determined by dithering the phase of the reference beam slightly and noting the

corresponding direction of fringe movement. Finally, the conjugate phase -ó'(r,g) is written

to the tC StM by a video signal derived from the measured phase modulation characteristics.

Then the intensity of the corrected interferogram is

I'(*,u) = lAexpli,S@,y)lexpl-iþ' (*,y)l* C exp[-i2tr fsr]12

= lA+clz (4.4)

which has no phase variation, producing a "zero fringe" interferogram. If tilt is added to the

reference beam, a set of straight fringes will result.

This method extracts the phase ó'(*,y)which is the aberrated phase ó(*,ù plus an extra

term 2T fsr due to the tilt of the reference beam, which is removed as part of the conjugate

wavefront. Since phase is considered modulo 2r, additional tilt does not require the panel

to have a greater phase modulation capability. If tilt is undesirable, it can be subtracted
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separately using knowledge of the carrier frequency /6.

Due to the aberrated nature of the wavefront, the distance between fringes (À) will vary

across the interferogram. There may be problems near the edges of the interferogram, where

points no longer lie between two fringes. For these points, Â is taken to be the distance

between the two closest fringes. This should not introduce too large an error, as the reference

beam has been tilted a sufficient number of waves. However, the carrier frequency cannot be

too high, as according to the Nyquist sampling theorem the minimum fringe spacing must

be at least twice the pixel size of the liquid crystal panel. In practice, the fringe spacing

must be considerably larger than 2 pixels for good correction. More detail on the correction

algorithm is given in Appendix B.

4.2.1 Other correction algorithms

Fit to Zernike polynomials

This method also relies on fringe-finding in the interferogram, but rather than using Equa-

tion 4.1 to calculate the aberrated phase of the wavefront, the location of the fringes is used

to flt Zernike polynomials to the data for a formal analysis of the phase aberration. The

methods used for locating the fringe centres are similar to those above. More detail can be

found in Malacara (1992).

Intensity calculation

Dou and Giles (1995) calculated the phase of the aberrated wavefront by using Equation 4.3

and similarly noting the positions of intensity maxima .I¿ and minima 1¡. The phase of other

points on the interferogram was calculated by

(4.5)

This method is capable of extracting phase from any interferogram, including those con-

taining closed loops. Its main drawback is determination of the sign of the phase. Between

any two fringes, the intensity of the interferogram is symmetric about 1¿, while the phase

varies linearly between 0 and 2zr'. Except at maxima and minima, this method produces two

possible outcomes lor þ. Dou and Giles suggested trying both and using that which produces

a larger irradiance I(*,y), which may not be a satisfactory solution in many cases.
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Fourier analysis

This method uses the Fourier transform of the intensity of the interferogram to extract the

phase. Equation 4.3 may be rewritten as

g(x,a) = a(r,y) I c(x,U)ei2"Ío' * c*(æ.,y)¿-i2trlox (4.6)

where

g(æ, Y)

a(r,Y)

lo

c(r',E)

b(',a)

intensity

I(*,9)

background illumination

lAl2 + lBl2

carrier frequency (assumed in ø-direction)

f,b@,s¡eió(',u)

fringe modulation

2AB

The Fourier transform of. g(x,,y) is given by

GU,,lò = A(Í,,1ù * C(Í, - Ío, Íù * C*(r,l- lo,ls) (4.7)

It is important that the carrier frequency /s be high enough so that all three terms are

well separated in the Fourier transform domain. The background term lA(Ír,/r)l it centred

about the origin, while lC(/, - Ío,ÍòlandlC*(f,* Ío,lùl are centred about /e and -/s,
respectively. If all terms but C(/, - fo,h) are spatially filtered, shifting C(Í,- lo,ly) to

the origin and inverse Fourier transforming yields

c(n,y) = |uçr,y)eiÓ(''ù (4.8)

The phase / is determined by taking the argument of c(x,g).

This method is useful for analyzing interferograms with discontinuous fringes because it

does not rely on fringe finding techniques. However, it requires a catrier frequency /s which is

higher than the variations in background illumination, and therefore a large amount of tilt in

the reference beam is necessary. Hence it cannot be used on interferograms with closed loops

(Malacara 1992). Another factor to be taken into consideration is the choice of the spatial
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filter used to isolate C(1, - lo,lò. The spatial filter must be small enough to eliminate

all other terms, but large enough to include high-frequency features in the required term

(Nugent 1985).

Phase shifting interferometry

The previous methods include examples of static interferometry, which cannot determine the

sign of the phase of the conjugate wavefront without additional information. Phase shifting

interferometry (PSI) analyzes a series of interferograms with the reference phase changed

slightly on each. A point on the interferogram therefore records a change in intensity from

which the phase of the wavefront can be recovered. Since the reference beam is varied in a

known manner, the sign and magnitude of the phase can be determined.

For an aberrated wavefront Aeió'(''s) and reference wavefront Bei(ó,(',a)-'(r), where e(f)

is a time-varying phase shift between the two beams, Equation 4.3 may be rewritten as

I(*,y) = r'(a,u) + I" 1r,g) cos[/(c, y) + e(¿)] (4.e)

where I'(*,y) : lAl2+lBl' , f" (*,y) : 2AB, and, g(x,U) : ót(r,y)-ó,(r,y). The intensity at

each point varies sinusoidally as the phase shift e(f) is changed. At least three interferograms

for the three unknowns 1'(ø, y), I" (*,g) and ó(*, g) are required to determine the wavefront

phase, but the number of interferograms atalyzed and the size of the phase shift depend on

the PSI algorithm (Malacara 1992).

Advantages of PSI include determination of the sign of the phase of the wavefront, insensi-

tivity to static noise, and elimination of the need to find the fringe centres in the interferogram.

Its major disadvantage is its sensitivity to vib¡ations. Any air currents or vibrations which

cause the fringes to jitter will introduce a phase error into the interferograms. Since the phase

is extracted from three or more interferograms, the final error in the retrieved phase may be

considerable. The need for vibration isolation, along with the mechanism for introducing the

phase shift e(ú), requires a more complicated optical system than static interferometry.

Phase retrieval from modulus data

When data is available on the modulus of a wavefront, a method known as phase retrieval

can be used which does not require analysis of interferograms. In some cases, there may be

knowledge of the modulus of its Fourier transform, such as in the retrieval of phase aberrations
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(Gonsalves 1976). This method uses an iterative technique similar to those described in

Section 3.3.

When dealing with phase aberrations, the modulus of the Fourier transform of the wave-

front is unity over an area and zero elsewhere. Unless the wavefront is severely aberrated,

this area is likely to be close to a diffraction limited spot. This makes the technique sensitive

to noise in the data. Another important issue is the lack of uniqueness of the retrieved phase.

Phase retrieval from transport of intensity equatron

Non-interferometric phase retrieval solutions are important in applications such as adaptive

optics or microscopy, where interferometry is impractical or impossible. This method differs

from the previous section in that intensity need not be measured in the Fourier transform

plane, so Fresnel rather than Fraunhofer diffraction can be considered. Here phase is recovered

from measurements of intensity in two or more transverse (æ,y) planes at different distances

along the optic (z) axis, using the transport of intensity equation, which for coherent radiation

is (Teague 1983)

2r o^I 
-v .Nó (4.10)

À02 
--'r

where l and { are the intensity and phase of the wavefront, and V.and V are the divergence

and gradient operators in the (2, g) plane. Various approaches have been used to solve this

problem, both for coherent and partially coherent radiation (Teague 1983, Gureyev et ø/ 1995,

Gureyev and Nugent 1996). Phase retrieved by this method can be shown to be unique under

certain conditions, including coherent radiation and non zero intensity.

Adaptive optics

When the aberrated wavefront must be corrected in real-time, adaptive optics are used. This

technique is important in astronomy for removing image degradation due to atmospheric

turbulence. Wavefront distortions are not determined by interferometry, but often by a

wavefront sensor such as a Hartmann sensor. Geometric analysis reconstructs the wavefront,

and correction is achieved via a deformable mirror device. A recent review is given in Schmutz

(1ee7).



82 CHAPTER 4, ABERRATION CORRECNON

Figure 4.2: Interferogram of Mach-Zender interferometer showing zero fringe

4.3 Results with one panel

The correction algorithm in Section 4.2 was tested using a prototype phase aberration cor-

rection system, based on the Mach-Zender interferometer shown in Figure 2.9 in Chapter 2.

Interferograms obtained from the system contained phase aberrations produced solely by

non-uniformities of the liquid crystal panel; i.e. the self-aberration of the panel. Correction

of the panel aberration was sufficient to test the algorithm.

The frequency doubled Nd:YAG was chosen as the light source. The phase modulation

capability at this wavelength was determined in Section 2.6. The (15o,78o) configuration

produced a phase modulation capability of 1.82' with a coupled amplitude modulation of

62%. This was less than 2tr radians required for full phase aberration correction, but the

phase modulation capability was suff.ciently high to test the performance of the panel in the

correction system.

Figure 4.2 shows the interferogram of the system without the panel, while Figure 4.3(a)

shows the interference fringes due to the aberrations of the panel. Tilt was added to the

reference beam as required by the correction algorithm. The full panel area of 640 X 480

pixels was used. There were approximately 3-4 waves of error over the area of the panel.

The interferogram was used as the input to the correction algorithm described in Section 4.2,

and Figure 4.3(b) shows the resulting g¡ey level intensity. Discontinuity in the calculated

correction was due to the difficulty of locating the fringes, but produced a small enough error

in the wavefront to be ignored. The zero fringe interferogram of the corrected wavefront is

shown in Figure 4.3(c), while Figure 4.3(d) shows straight fringes produced by adding tilt
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Figure 4.3: (a) Interference fringes showing aberration of panel; (b) Calculated correction;

(c) Corrected wavefront; (d) Same as (c), with tilt added to reference beam
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Figure 4.4: Intensity variation of the panel

to the reference beam. The phase error has been reduced to a maximum of - À/3, with an

average of - À/10 over the area of the panel. The less than 2r phase modulation capability

of the panel caused slight discontinuities in the fringes in Figure 4.3(d), but was sufficient to

demonstrate the effectiveness of the correction algorithm.

While Figure 4.3 demonstrates the correction of the aberrated phase of the panel, it also

shows the amplitude modulation introduced by the panel as a background intensity variation.

This is more clearly seen in Figure 4.4, which is the image of the calculated correction

displayed on the panel with the reference beam blocked. If there had been no amplitude

modulation, a uniform intensity would have resulted. The coupled amplitude modulation of

62% needed to be overcome before the correction system could be applied practically.

4.4 Results with two panels

An optical system using two liquid crystal panels was proposed to overcome the shortcomings

of the correction system with one panel. Two panels could be used in two ways: both panels as

phase modulators, or one panel for phase modulation and the other for amplitude modulation.

The first solution could be used to overcome the limited phase modulation capability of the

panel at 633 nm. Many liquid crystal spatial light modulators can achieve greater than n

but less than 2r phase modulation. The use of two panels would double the amount of

phase modulation available. The second solution was suggested by Gregory et al (1992)

for full complex modulation. Their proposal was for independent modulation of the phase
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and amplitude of a wavefront, rather than for phase modulation with the coupled amplitude

modulation removed as intended here.

The optical system in Figure 2.9 was modified for two panels, and shown in Figure 4.5. The

panels were imaged one-to-one using a 4/ imaging system with two matched f = 200mm, d =

50mm lenses. Factors considered ìn the alignment of the panels are discussed in Appendix C.

A multiplicative architecture is produced - if the first panel is driven with a function A(r, y)

and the second with B(ø, y), then the wavefront transmitted by the two panel system will be

A(n,s)B(n,y).

4.4.1 Phase' phase correction

Phase - phase correction doubles the phase modulation capability of one liquid crystal panel,

so the He-Ne laser was chosen for the light source because the optimal phase modulation ca-

pability at this wavelength was approximately r. The (20o,75') conflguration for the original

panel produced 1.ln'radians of phase and amplitude modulation of 20%. The characteristics

of the second panel were measured at this configuration and found to be very similar, shown

in Figure 4.6. The phase function written to both panels was half the conjugate phase {.
The first panel was driven with ?r exp(-i'$12) and the second with ?2 exp(-íþ12), where

ft and T2 are the coupled amplitude modulation of panel 1 and panel 2. The final complex

transmittance of the spatial light modulator was TlT2exp(-il), which when placed in the

aberrated wavefront Aexp(i$) produced a corrected wavefront AT1T2.

The intensity distributions written to the two panels were separately controlled using the

R and G drivers of the video projector. The resulting image was almost identical to a grey

level image (R=G=B) because the phase modulation characteristics of the two panels were

similar.

Since the area of the panel was g0 mm diagonal, the full 640 X 480 pixel area could

no longer be used due to the 50 mm aperture of the imaging lenses. A 200 X 200 pixel

area was used instead, which from Appendix C was the upper limit of pixels available for

alignment. The interferogram of the self-aberration of the two panel system is shown in

Figure 4.7(a), with approximately one wave of error over the 200 X 200 pixel area. The

overall intensity distribution consisting of separate R and G signals calculated to correct

phase is shown in Figure 4.7(b). The corrected wavefront in the 200 X 200 region is shown

clearly in Figure 4.7(c),while Figure a.7(d) has tilt added to the reference beam. The residual
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Figure a.7: (a) Interferogram of two panels at 633 nm; (b) Calculated correction applied to

panel; (c) Phase-phase correction with two panels; (d) With tilt added to reference beam
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phase error was less than À/10.

Sensitivity to misregistration of pixels in the two panels depended on the presence of

high spatial frequencies in the interferogram. Since the minimum fringe spacing was several

pixels, alignment of the two panels was not expected to be highly critical. This was tested

by slightly adjusting one of the panels while observing the fringe pattern; the interferogram

was not severely affected by this slight adjustment of l-2 pixels. This would not be the case

for closely spaced fringes; however, as discussed in Section 4.2 this type of interferogram is

not suitable for correction by the liquid crystal panels.

While not as pronounced as the single panel case, amplitude modulation remained in the

corrected wavefront. The combination of the two panels produced an amplitude modulation of

43% which was essentially double the amplitude modulation of one panel at 633nm. Although

an improvement on the single panel correction system, the amplitude modulation was still

unacceptably high.

4.4.2 Phase - amplitude correction

The phase-phase modulation approach successfully increased the total phase modulation

capability at 633 nm to 2r,brt did not resolve the coupled amplitude problem. To overcome

this limitation, a method was devised where one panel corrected for phase aberrations, and

the other removed the coupled amplitude modulation. The first panel ideally needed to have

a phase modulation capability of 2r, so the operating wavelength of 532 nm v¡as necessary.

A PAL video signal could no longer be used as the driving voltage to the panels, since

PAL couples the R, G, B signals. While this is not significant for grey level inputs where

R:G=B, or for similar R, G, B signals as in the phase-phase correction case, the phase-

amplitude correction system required two independent signals written to the panels. Hence

an RGB input was chosen as the driving system, requiring the use of a signal splitter and

amplifier, so the RGB signal could be input to the computer monitor and video projector

simultaneously.

The phase modulation characteristics at (15',78o) were remeasured and found to be

significantly different to the PAL case. Both the phase and amplitude modulation increased;

phase modulation was 2r and amplitude modulation was 88%. While the increase in phase

modulation was beneficial because the full 2zl radians was now available, the increase in

coupled amplitude modulation was a cause for concern. The phase modulation characteristics
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were remeasured with the RGB input to determine if there li/as a better configuration for

RGB input. The method described in Chapter 2 was employed, and the results shown in

Table 4.1. "Off" measurements wete not repeated, but are included for comparison.

The RGB input shifted the "255" measurements closer to the "off" measurements, in-

creasing the phase modulation capability of the panel. Phase modulation was fairly constant

at grey levels above 192, but varied sharply at lower grey levels. The (20o,75o) configura-

tion was chosen for for panel 1 which produced a phase modulation capability of 2z' with an

amplitude modulation of 72%. Figure 4.8 shows the fringe shift produced when four stripes

of grey levels 0, 96, 176 and 255 were written to the liquid crystal panel. The phase mod-

ulation relative to grey level 0 was 2r at grey level 160, so a restricted range of 0 to 160

was used. Functions were fitted to both the phase and amplitude modulation curves, shown

in Figure 4.9. Phase was fitted to an exponential function, while a polynomial of degree 5

function was chosen for the transmittance.

The requirements for amplitude modulation of panel 2 were zero phase modulation and

a linear amplitude modulation of greater than panel l, i.e. 72 7o. In Chapter 3, (-80o, -5')
produced the best characteristics for amplitude modulation at 633 nm. This configuration

was tested at 532 nm with an RGB input, and found to produce phase modulation of 1.8r

with an amplìtude modulation of g2%rin agreement with the simulation for panel 1. However,

the phase modulation occurred discontinuously and when the video level was restricted to

the range 64Io255, phase modulation was zerowhile amplitude modulation was 90%. The

intensity transmittance was monotonically increasing in this restricted range.

The corrected amplitude was calculated by assuming a constant total amplittde T1T2 - lc,

where ?r is the transmittance of panel 1, andT2 is the transmittance of panel 2. k represents

the final intensity transmittance of the two panel system. The limits of k were determined

by

k e [max(ft) x min(?2),max(72) x min("1)] (4.11)

The upper limit was chosen as this resulted in a higher total transmittance.

The method for calculating the corrected phase and amplitude was as follows:

1. Calculate the corrected phase from the interferogram;

2. Convert to grey level using the phase modulation characteristics of panel 1;

3. Determine the coupled amplitude of panel 1 using the transmittance curve of fi;
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4. Calculate ?2 using Tz = klTt;

5. Convert to grey level using the transmittance curve of ?2

While a function was fitted to both the phase modulation and transmittance of panel 1,

?2 was converted to grey level by interpolation of the measured data, which was non-linear

as shown in Figure 4.9. This was the simplest and fastest way to determine the corrected

amplitude. The total measured intensity transmittance as a function of panel 1 grey level is

plotted in Figure 4.9, showing an amplitude modulation of approximately g%, which is a great

improvement on the one panel and phase-phase modulation cases. The residual amplitude

modulation was due to slight coupling of the R and G drivers. This residual amplitude erlor

is an artifact, and does not represent a fundamental limitation of the correction system,

because it can be removed either by measuring the coupling coeffcients, or driving the panels

independently with two video projectors (Neto et aI1996).

Figure 4.10(a) shows the interferogram of a 128 X 128 section of both panels, with a

phase error of - À12. The grey level distribution for the corrected phase for panel 1 was

written to the G driver, while the R driver was used to display the calculated amplitude

compensation for panel 2. Figure 4.10(b) shows the resulting video image. The corrected

wavefront is shown in Figure 4.10(c), and with tilt added in Figure 4.10(d). Straight fringes

in Figure 4.10(d) indicate that phase aberrations have been successfully compensated, while

the slight background intensity variation in Figures 4.10(c) and (d) is due to the remaining

9% amplitude modulation. The residual phase error was less than À/10.

The major disadvantage of this correction technique is the total transmittance of less

than l% which was mainly due to the use of four polarizers in the optical system. However,

the transmittance could be improved by simple adjustments to the optical components of the

system, discussed in the next section.

4.5 Modifications

The results of both the phase - phase and phase - amplitude systems could be improved by

modifying both the optical system and the correction technique. The transmittance of both

systems could be increased by replacing the polarizer P3 in Figure 4.5 by a half-wave plate,

and using a high quality polarizer for P2. Since the full area of the panel was no longer used,

replacing the d = L2.5 cm, "f = 60 cm collimating lenses in Figure 4.5 with smaller diameter
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Table 4.1: Jones matrix parameters at 532nm : RGB input

(u) (b)

Figure a.8: (a) Fringe shift showing optimal phase modulation at (20",75o) for 532 nm with

RGB input. (b) Four stripes of greylevels 0,96,176,255 applied tothe tCD.

Greylevel B(rad) 7(rad) c h f s j
0.02r

0.26r

0.65r

1.012r

1.062r

1.08r

0

64

I28

r92

255

off

0.55r

0.61r

0.85r

L.l5r

1.192r

L.2hr

0.99

0.96

0.46

0.13

0.029

-0.15

0.079

0.17

0.073

-0.10

-0.23

-0.24

0.13

0.15

0.30

-0.38

-0.46

-0.49

.60

.58

.57

.61

.61

.61

-0.022

-0.19

-0.83

-0.91

-0.86

-0.82
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(u) (b)

(.) (d)

Figure 4.10: (a) Interferogram of two panels at 532 nm; (b) Calculated correction; (c) "Zerc

fringe" interferogram of wavefront corrected by two-panel system showing near uniform in-

tensity with slight amplitude variation; (d) Interferogram of corrected wavefront with tilt
added to reference beam. (c) and (d) have been reproduced with the same contrast.
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and shorter focal length lenses would increase the amount of light into the system as well as

making the interferometer more compact. The use of a higher power laser would also increase

the amount of light received by the CCD camera.

The amplitude modulation of the phase-phase system could be minimized by careful

choice of the individual phases /1 and /2 of panel 1 and panel 2, discussed in more detail

in Section 5.3.1. The phase-amplitude system could also be used to add extra amplitude

variation into the wavefront. The amplitude correctionT2 could be multiplied by the desired

amplitude information, and hence the two panel system used to independently control both

the phase and amplitude of the wavefront. Therefore this system could correct for both phase

and amplitude aberrations. Small amplitude distortions appear as a non-uniform background

on the interferogram, and this could be removed by an extension of the correction technique.

Dou and Giles (1996a) used a phase correction system with a double passed panel to

double the phase modulation capability and remove the coupled amplitude information, which

created a reflective rather than a transmissive element. Dou and Giles used more than one

interferogram to extract the aberrated phase, compensating for the lack of a plane wave

reference beam, and their system suffered from fringe jitter. A variation of their design could

be investigated with phase extracted from a single interferogram only, and with modifications

to improve the transmittance of the system.

4.6 Spherical aberration of a lens

The correction system developed in this thesis was not intended to be adaptive. The system

could be modified for use in adaptive optics by optimizing the correction algorithm, with

the final update speed limited by video addressing rates. The original s¡rstem was designed

to correct fixed, non time-varying aberrations. A possible practical application of the phase

correction technique is removal of the spherical aberration of a simple lens. Upatnieks eú

ø/ (1966) investigated the use of optical holograms for this purpose in the 1960s. Spatial

light modulators have the advantage that correction for different aberrations can be easily

reprogrammed, removing the the time-consuming need to produce a new hologram for each

aberration.

If a spherically aberrated lens is added to the reference beam of the correction system,
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then if tilt is ignored Equation 4.3 becomes

I(r,y) = lAeòÓþ,Y) * BeiÓs(''u)12

= lAl, + lnl, + 2AB cos[þ(r,y) + ós(n,y)] (4.12)

where ós(r,y) is the amount of spherical aberration added to the reference beam, ArB are

the amplitudes of the test and reference beams, and. $(x, y) is the aberrated phase of the test

arm. If a corrected phase oI -$(x,U) + ós@,gr) is applied to the liquid crystal panel in the

test arm, the intensity of the interferogram becomes

I(r, y) = lAeiÓ(",u) "il-þþ,v)*ó 
s(c,u)l ¡ p¿iós(',v)12

= lAeiÓs(',u) * Beiós(',u)¡z

= lA+ Bl2 (4.13)

This is a constant intensity across the interferogram, indicating that phase in the final

wavefront has been corrected. If only the aberrated phase ó(*,y) is removed by the spatial

light modulator, spherical aberration will remain in the wavefront. Figure 4.11(a) shows the

interferogram of the one panel system with a spherically aberrated collimating lens added to

the reference beam. When the aberration correction of panel 1 which was calculated in Sec-

tion 4.3 was applied to the spatial light modulator, the interferogram shown in Figure 4.11(b)

was the result. Concentric fringes indicated that only spherical aberration remained in the

wavefront, which can be calculated using third order Seidel aberration theory.

From Pedrotti and Pedrotti (1993), the coefficient of spherical aberration eCas produced

by an object at the focal plane is given by

oCao (4.r4)

where -B is the radius of curvature and / is the focal length of the lens. Spherical aberration

ø(r) is given by

a(r) = o?+ora (4.15)

where r is the radial distance from the optic axis. The aberrated phase ós(r) is given by

2r
ós(r) a( T

1

8/ i. ir

)À
hr 4 (4.16)T

where À is the wavelength of input light

TOC+o
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(u)

(b)

Figure 4.11: (a) Interferogram of panel 1 at 532 nm with added spherical aberration; (b)

Remaining spherical aberration after panel aberration is removed
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It was not practical to use the current phase-amplitude correction system for spherical

aberration correction, without first implementing the modifications to improve the transmit-

tance. The improved phase-amplitude system and a double passed single panel could be

compared, and the more viable system used for the spherical aberration compensation in the

telescope (Figure 1.5(b)). A purpose built liquid crystal spatial light modulator would also

be ideal for this application.

4.7 Discussion

The correction algorithm used in this thesis was based on fringe location in interferograms.

Advantages of this method included consistency in the sign of the phase, and simplicity of

the algorithm. Disadvantages included the need for carrier fringes to remove closed loops

in the interferogram and difficulty in the fringe location, especially in interferograms with

poor visibility fringes. Additional information was required to determine the direction of

phase change, which is a limitation of all static interferogram analysis techniques unless

phase-shifting interferometry is used.

Phase aberration correction places stringent requirements on the spatial light modulator.

The corrected wavefront should have a uniform phase and amplitude and therefore the spatial

light modulator must possess near perfect phase modulation characteristics. A single liquid

crystal panel used in transmission did not have the required characteristics. A two panel

system was devised to eliminate the problems experienced with a single panel and to retain

the transmissive nature of the liquid crystal spatial light modulator. Although the total

transmittance of the system was less thanl%, phase aberration correction was achieved with

an amplitude modulation of less than 10%. Suggestions have been made for improving the

results, which will be the subject of future research.



Chapter 5

Conclusron

5.1 Summary

The aim of this thesis was to create a versatile computer-controlled optical element from

a liquid crystal spatial light modulator. This chapter summalizes the achievements and

comments on the attainment of the objectives of this thesis. Recommendations for future

work are also discussed.

The motivation for this thesis was the need for a high resolution, programmable spa-

tial light modulator for computer generated holography using commercially available liquid

crystal technology, chosen due to its low cost, high resolution, reconfigurability and ready

availability. Despite well-documented shortcomings in the performance of liquid crystal com-

mercial devices as spatial light modulators, advancements in technology indicated that there

would be improvements in the next generation of liquid crystal displays.

Much effort was expended in overcoming the limitations of the liquid crystal device as

a phase modulator. The main problems encountered were the inadequate phase modulation

capability and coupled amplitude modulation of the panel. New techniques were created to

circumvent these problems. The low transmittance of the device due to the use of polarizers

also caused some difficulty. This need not be an issue, since better quality polarizers or a

higher power laser can be used.

Chapter 2 described the theory of twisted nematic liquid crystal spatial light modulators.

A method suggested by Yamauchi and Eiju (1995) for determining the optimal configuration

of polarizer and analyzer was outlined, and experimentally verified at a wavelength of 633 nm.

The phase modulation capability of 1.12r was inadequate if the device were to be used as a

99
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versatile optical element. Since phase modulation capability depends inversely on wavelength,

the laser source was changed from 633 nm Io 532 nm. The optimal configuration produced

an increased phase modulation capability of 1.8ø', but there was a corresponding increase in

the coupled amplitude modulation ftom 20% to 62%.

The use of the liquid crystal panel in computer generated holography was the subject of

Chapter 3. Computer generated holograms allow the production of a wavefront of any desired

phase or amplitude. Liquid crystal spatial light modulators are frequently used to produce

CGHs because they are reconfigurable and easily programmed. Two well-known iterative

methods were used to write phase holograms to the liquid crystal panel with similar results.

The limited phase modulation problem was compensated by the creation of a novel method

for synthesizing kinoforms, which resulted in better quality images than binary kinoforms.

The encouraging performance of the spatial light modulator in creating CGHs led to the

development of further applications of its phase modulation capabilities.

Chapter 4 dealt with phase aberration correction by liquid crystal spatial light modulators.

For this application, a phase modulation capability of 2zr was necessary to completely correct

the aberrated phase of a wavefront. Initially, the 1.8r phase modulation capability at 532 nm

was used to correct the self-aberration of the liquid crystal panel. While the results proved

that 1.8¡' radians of phase was adequate to remove the panel aberrations, the accompanying

amplitude modulation of over 60% was too large to be tolerated.

Two approaches were devised to remove the coupled amplitude modulation. Both used

two panels imaged one-to-one to improve on the results for the one panel system. The

first approach used both panels for phase modulation, with a maximum phase modulation

capability of n radians for each panel. The optimal configuration at 633 nm producing 1.12r

radians of phase with 20% of amplitude modulation was sufficient for this purpose. The final

system corrected the combined phase aberration of the two panels with a total amplitude

modulation of about 40%, which was an improvement on the single panel case but still too

high for practical applications.

The second approach used the first panel to remove phase aberrations, while the second

panel compensated for the coupled amplitude modulation. Since all the phase aberration was

removed by a single panel, the greater phase modulation capability at 532 nm was required.

An RGB video input was necessary, as a PAL signal would couple the R, G, and B components

of the input. The phase modulation characteristics changed with the new input and were
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remeasured, resulting in an increase in both the phase and coupled amplitude modulation.

The optimal configuration produced a phase modulation of 2¡' with a corresponding amplitude

modulation near 80%. The required characteristics of the second panel were an amplitude

modulation of greater than the first panel, and zero phase modulation, which was easily

achieved. The final two-panel system had a phase modulation of 2¡' with a total amplitude

modulation of less than 10%, and was used to remove the spherical aberration of a simple

lens. The major drawback of the final system was its low total transmittance of less than 1%

due to the use of four polarizers in the setup, which may require the use of a higher power

laser source and a good quality polarizer and half wave plate.

5.2 Discussion

The results of this thesis show that spatial light modulators are capable of being used in a

wide variety of applications. The ability to modulate the phase or amplitude of a wavefront is

a powerful tool in any application which involves optical processing. This thesis demonstrated

the ability of liquid crystal spatial light modulators to create computer generated holograms

and to correct phase aberrations. Although far from possessing the perfect characteristics of

phase or amplitude modulators, commercial liquid crystal devices are still useful for many

applications. Their limited phase modulation capability and coupled amplitude modulation

are the major disadvantages, but this thesis has shown how these problems may be overcome.

In Chapter 2, decreasing the wavelength to improve the modulation characteristics of the

panel was successful in increasing the phase modulation capability, but the coupled amplitude

modulation increased correspondingly. This efiect was reproduced in Chapter 4 by the modu-

lation characteristics at 532 nm with an RGB input. It seemed that this increased amplitude

modulation was an unavoidable side-effect of increasing the phase modulation capability.

The liquid crystal spatial light modulator was well suited to computer generated holog-

raphy. In this application, the shortcomings of the device could be compensated by choosing

an appropriate encoding algorithm. Any limitations were incorporated into the synthesis of

the hologram. Since only the intensity of the final image was important, computer generated

holography allowed less than perfect modulation characteristics in the holographic medium.

This was amply demonstrated by the good quality images produced by the three-phasor

kinoforms with a restricted phase modulation of only 2tr f 3 radians.
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The requirements for a phase aberration correction system were more exacting than for

computer generated holography. Since the phase of the corrected wavefront was of paramount

importance, the phase modulator must be capable of modulating 2r radians, with no new

aberrations introduced in the form of amplitude variation. This meant the correction system

required close to perfect phase modulation characteristics, and therefore the single panel

system with a phase modulation capability of 1.8r' and an amplitude modulation of over 60%

was inadequate.

The phase-phase correction system improved on the one panel case with a total phase

modulation capability of over 2r, brt the coupled amplitude modulation was still too high

at over 40%. This system is capable of further refinement to reduce the coupled amplitude

modulation, which will be described in Section 5.3.1. The phase-amplitude correction system

successfully removed the phase aberration produced by the two panels, with a final amplitude

variation of less than l0%. However, the disadvantages of the two panel system compared

with the one panel case are the difficulty in alignment, the increased space requirements

and the low total transmittance. Suggestions were made in Chapter 4 for improving the

transmittance and decreasing the size of the system.

The versatility of liquid crystal spatial light modulators has been demonstrated by the di-

verse applications of computer generated holography and phase aberration correction. Many

more uses have been envisaged for spatial light modulators which are beyond the scope of

this thesis. Some recommendations for future work arising from this thesis are mentioned in

the next section.

5.3 Recommendation for future work

The Sharp spatial light modulator is very suitable for amplitude modulation, which has not

been fully explored in this thesis. Its excellent amplitude modulation capability could be used

in electroholography or as a holographic printer (Yamaguchi et a|1990). Suggestions were

made in Chapter 4 for adaptations to the phase-amplitude correction system to allow the

modulation of any desired amplitude information. If current technology is closely monitored,

purpose-built devices could be used for phase modulation when their cost/resolution ratio

improves. The Sharp amplitude modulator could be used in conjunction with a new phase

modulator to provide full complex modulation.
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The work in this thesis could be extended in a number of ways. The phase modulation

capability of the Sharp panel could be further improved by modifying the phase - phase

system described in Section 4.4.I. An optimization algorithm could be used to reduce the

coupled amplitude modulation, described in Section 5.3.1.

The transmittance losses of the liquid crystal panels would make these particular devices

unsuitable for direct aberration correction oftelescopes, such as in adaptive optics. There are

new liquid crystal spatial light modulators designed especially for adaptive optics which can

be used with unpolarized light (Love 1997), greatly improving the transmittance. Howevet,

the current device would be suitable to correct spherical aberration in the recording of an on-

axis hologram for correction of telescope primaries, as discussed in Section 1.5.1. Either

the improved phase-amplitude correction system or a double passed liquid crystal panel

mentioned in Section 4.5 could be used.

5.3.1 Improved phase - phase correction technique

The results of the phase-phase correction system could be improved by careful choice of the

individual panel phases þ1 and {2. The individual phases could be chosen so that the total

amplitude modulation is at a minimum and {1 * óz = / where / is the corrected phase.

The constraints on the system are:

. ót * öz = ó, the corrected phase

o the amplitude modulation Tmod. = (max(") - min("))/ max(") is as low as possible

¡ the total transmittance T : TtTz is as high as possible

{1 and S2 arc chosen to satisfy the above constraints by a suitable algorithm. Since the phase

and transmittance functions are highly non-linear, an analytical solution may be difficult to

achieve. One possible solution is to use a genetic algorithm to generate the phases /1 and

ó2. The genetic algorithm uses a Darwinian approach of natural selection and "survival of

the fittest" within a sample population to attain an optimal solution to a set of constraints

(Goldberg 1989).



104 CHAPTER 5. CONCLUSION

5.4 Conclusion

The Sharp liquid crystal panel has been used in this thesis as both a phase and an ampli-

tude modulator, but it is more suited to amplitude than to phase modulation. Its limited

performance as a phase modulator can be compensated in computer generated holography

but restricts its usefulness in phase aberration correction systems. However, this thesis has

shown that the devices are versatile enough to be adapted to two very diferent applications.

This thesis can be viewed as a feasibility study of liquid crystal spatial light modulators.

The ultimate aim of spatial light modulator technology is to produce a multi-purpose optical

element requiring minimal adaptation to a wide variety of uses. While this currently has not

been achieved, rapid improvement in liquid crystal technology indicates that this goal should

be attained in the not too distant future.

As technology improves, the problems encountered in this thesis may vanish. The future

of liquid crystal spatial light modulator technology may lie in purpose built devices, as the

requirements for commercial liquid crystal devices will probably produce displays which are

unsuitable for spatial light modulation. For example, increasing the resolution results in

thinner panels, which reduces phase modulation capability when they are used as spatial light

modulators. Single panel colour displays will increase in popularity (Bains 1997), and these

have lower resolution when used as spatial light modulators than the current monochromatic

displays. Custom made liquid crystal spatial light modulators are already designed without

the inherent limitations of commercial devices, although they suffer from either a lack of

availability or poor resolution. As the popularity of spatial light modulators grows, the

resolution should increase and the price should drop, although the cost of custom made

devices could never equal their commercial counterparts. In any circumstance, the future

looks promising for liquid crystal spatial light modulators.
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Jones calculus for liquid crystals

4.1 Jones calculus

Jones calculus describes the propagation of polarized light through various media. Polariza-

tion states are represented by complex two component vectors, while optical elements are

represented by 2 X 2 matrices. The matrix for a complex system of optical elements is found

by multiplying the individual matrices in order. Then the output polarization state is the

product of this matrix and the input polarization vector.

Let a polarized wave be described by E@,g) = A,exp(ió,)ô ! Aoexp(i6o)Q where û,ff

represent unit vectors in the c, y directions, respectively. The Jones vector representation of

Ë@,ù is given by

A-

If E@,3r) propagates through an optical element with Jones matrix J, the final polariza-

tion state B is given by B = JA. Since "I is a 2 X 2 matrix, B is also a two component

vector. The intensity transmittance T produced by the optical element is then calculated

from ? - B* B, where * denotes the complex conjugate. The phase delay ó caused by the

optical element is given by á - arg(Br) - arg(B,).

^.2 
Jones matrix for twisted nematic liquid crystals

The derivation for a Jones matrix for a twisted nematic liquid crystal follows the treatment

in Yariv and Yeh (1984); however, the actual derivation is left as an exercise. The parameters
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are found in Table 2.1 in Chapter 2.

The Jones matrix for a twisted nematic liquid crystal with retardation 2B and twist angle

/ is found by dividing the medium into N slices, and letting N tend toward infinity. Each

slice is assumed to act as a wave plate with retardation 2P lN . The plates have azimuth

angle p,2p,...,(¡f - l)p,N p,where p = ólN.The overall Jones matrixis the product of the

individual Jones matrices for each slice.

The Jones matrix for a retardation plate with phase ¡etardation of 2B lN and azimuth

angle t/ is given by:

w = R(-tþ)WoR(1þ) (4.2)

where -R(r/) is the rotation matrix and Ws is the Jones matrix for a retardation plate with

zero azimtrth angle.

n(þ) =

Wo

cos tþ sin r/

- sin r/ cos tþ

e-i?/u 0

0 e¿þlN

(A.3)

(^.4)

(A.5)

Therefore the Jones matrix for the N retardation plates is given by

cos

sin

J=
N

f a@ùwsø(-^p)
m=l
R(N p)Wsù(-,rrp)a((.nr - t)ùwsn(-(¡r - t)p)...

nQ ùw s R(- 2 p) R( p)ws R(- p)

R(N p)wsR(-p)wofu(-p) . . .R(-p)woÀ(-p)

R(ó)twoT(-#,,'

using the identity for the rotation matrix R(pt + pz) = R(pt) + R(pz).

ft"-tolw -sinfte-to/N

fte;9lN cos *Lei7/N

cos fte-t?lN -sônfte-;0lN
sin fte;0lN cos ftei?lN

w,Re*) =
.o' $ sin $
-sin$ .o'$

e-i9

0

NI

J : R(ó)

N

(A.6)
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This can be simplified using Chebyshev's identity

L07

(A.7)

(A.8)

(A.e)

(A.10)

where X = cos-l[(A + D) l2].

Here

A = ,o, fr"-or/*
B = -"¿n!"-oB¡*

C=sin

D=cos

x : cos PlN + "o"fi"iÞ/N¡¡21

= cos PlN + eiB/N)12]

= cos ftl
cosX = cos

ó2= (r_fu+...xl_
Ó'+ þ'N t- 

2N,
sinX : t/I - cos2 X

p2

2N2
+ )

1-(1 -ffir
1

¡r
I

/tr

where I = tffi.
Hence using equations 4.6 and 4.7

J
AI BI

CI D'

ó2+82

sinX È

ó),B(

eA,= .or $ -iPlN sin IfX - sin(trf - l)X
sinX

cos $ sin $ sin IIX
sinX
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-sinfte-;0/N sin /üX
slnX

_ sin $ .o. $ sin,ðfX
sinX

sin ffei?lN sin trlX
sinX

BI

CI

+
sln sln sin IüX

sinX

sin $ cos $ sinlüX
sin X

DI
cos$eà7/N sin.l[X - sin(Iü - l)X

sin X
cos # cos #sinIIX - sin(Iü - l)X - ".cos 

# sin #sinIfX
srn i, at 

^

sin.f[X æ sinT

sin(,{ -')x 
] :::::.8-...= sinr.or;þ - cosTsin fr

Using the above and the small angle trigonometric identities

For N large, 1lN is small, and hence as .lü + oo

sinX È X
I

¡r

sin d
lim
0+O

Iim
0+O

0

cos 0

1

1

the matrix elements can be calculated.

Re(At)

$yyae(A')

.or $.or $ sin,nfX - sin(trf - 1)X
sinX

.or $.or $ sinT - sin S7
llN

.tÍ cos $.o. *Y - ¡u"i"7 
"or fr

sin rt
',tlN

*hg;Re(Dt)
cos $ sin $ sin /fX

sinX

_.or $ sin $ sin 7
^t lN

(A.11)

(A.12)

fcosT

cos 7

Im(A')
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J = R(ó)
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(A.13)

(4.14)

(A.16)

(A.17)

(A.18)

-"or$

*1t1;7m(A') = -9 "ir t
- -fim Im(Dt)

lV+æ

.ß
sln fu sln 7
plN

p
.Y

Re(C')

Tm(Ct) =

sin $ cos $ sin IüX
sinX

sin $ cos $ sin 7

1lN
/ sin$sin7
N PIN 'l

f35 7?e(B')

sin $ sin sin IÍX
sin X

sin $ sin $ sinT

cosT - ifrsin1
É sin'v1',

- É sin'v.Y'

cosT * ifrsin7

lim
N+oo

=p
.I"e( Ct\ = 

g
\/.y

:
^l

cos

sin

^r lN
gB sin $ sin $ sinT
N ólN plN ^l

limlm(Ct) = 0 (4.15)
N+oo

= *h1;Im(B')

Using the equations 4.12, 4.13, 4.14, 4.15, the Jones matrix for a twisted nematic liquid

crystal is

At

ct

B'

Dt

ócos^lsln

-ó
J_

^l

pg=
I

h=

where

sinTsin/* cosTcos/

4rirrzcos/1cos7sin/
.Y

(A.1e)
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p
J sin 7 sin / (A.20)

This equation differs from that in Section 2.3 and Yamauchi and Eiju (1995) in that it
assumes a left-handed co-ordinate system. To convert to a right-handed co-ordinate system

as used in Yamauchi and Eiju, the angle / is replaced by -d. Equation 4.L6 thus becomes

- I ¡-rn -h-ij1J=l I (^.2r)
Lh-¿¡ rtig J

with /,g,h,j deflned as before. Equation 2.1 in Section 2.3 includes a phase factor

cexp(-i(/6 f B)) which has been omitted in this derivation.

4.3 Calculation of system parameters

From Yamauchi and Eiju (1995), the variables c,Í,grh,j can be calculated from measure-

ments of four settings (rþprrþ¿,) of the intensity transmittanceTr¡,r,r¡,o, which from Section 2.3

is given by

T,þr,,þn : c2l{(t cosþþt - ,þp) } hsinþþ¡ - ,þp)}'

t{s cos(1þ¡ + tþp) t j sinþþa + ,þÐ},1 @.22)

The transmittances of the settings (0,0), (0,90), (30,60), (45,-45) are

To,o : 
"21,f2 

+ g2l (4.23)

?o,eo = 
"21h2 

+ j2l (^.24)

?ao,oo = "'[lG¡' + 2,/3 + n\ + j2] (,t.25)

Tqs,-qs = 
"21h2 

+ g2l (4.26)

Noting that from definition

Í'+s'+h2+j2=r (L.27)

c is easily calculated.

c2 = Top* ?o,so (4.28)

If the following variables are defined as

u

a

7fruÍ'"o,uo+T +1rn1-nu - "'1
(A.2e)

j[rnu,-nu- fü,o] (A.30)
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then
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(A.31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

u

a

:hl

= h2-Í2

and these can be used to determine the square of the four variables.

2

2
?o,o _

c2

j' t-12-92-h"

The sign of the four variables must be determined separately. Yamauchi and Eiju suggest

that if it is assumed that l0ø-?slx rf2,and B ) 0, then / is always positive. The sign of å

is determined by the sign of z, since u = hl. ø is also used to determine the sign of 0B - 0s,

which together with the assurnption that 05 æ 0, can be used to determine the sign of g and

j.

f"=
¡z=

I t'
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App"ndix B

Phase aberration correction

technique

The correction technique described in Section 4.2 is outlined in more detail in this appendix.

Phase is extracted from an interferogram by locating the fringe centres and applying Equa-

tion 4.1 between fringes. Reference points of phase ó = 0 are the midpoints between fringes.

Essentially, the algorithm is reduced to determination of the fringe centres.

This technique is limited to interferoglams which have no closed loops or horizontal

fringes, which can be achieved by adding tilt to the reference beam. The interferogram

is scanned line by line, and a floating threshold for each line determined. Fringes are located

as local minima of points below this threshold.

A computer program was written in IDL (Interactive Data Language) to perform the

calculations. The outline of the algorithm is as follows:
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For every line ofthe interferogram

o Smooth the data to remove noise

o Apply threshold = min(/) + 40% x [max(I) - min(I)] where .I is the intensity of that

line of the interferogram

¡ Locate fringe centres by grouping adjacent points with intensity below the threshold,

and finding the midpoint of each group

¡ Calculate midpoints between fringe centres and allocate a phase ó = 0 (reference points)

o Calculate phase / for points between reference points using Equation 4.1

¡ Points near the edge of the interferogram which do not lie between two reference points

are treated as though they lie between the two closest reference points

¡ Convert phase to grey level using phase modulation characteristics of the panel

Similar techniques have been proposed by other authors; see Malacara (1992) for more details.



App"ndix C

Alignrnent of two panels

Alignment of the two panel optical system shown in Figure 4.5 is crucial to its success

in as an aberration corrector. A pixel on the first panel must be carefully imaged onto

the corresponding pixel on the second panel if the desired phase-phase or phase-amplitude

correction is to be achieved.

A 4/ imaging system was employed to image the panels one-to-one. When the pixels

are misaligned, a Moiré pattern appears due to the grid structure of the pixels. The Moiré

pattern is an aid to alignment as it gradually disappears as the pixels are aligned.

Amako and Sonehara (1993) derived the following condition for alignment of the two

panel system. The magnification M of the imaging system is given by geometrical optics as

M = -= Ít!? , (c.1)- r?+g(h-s)
where fi and f2 arc the focal lengths of the two imaging lenses, g is the error in the distance

between the two lenses, and s is the distance between the first LCD and the first lens.

If the magnification is not unity, a Moiré pattern will appear due to the mismatch in pixel

sizes. The distance between fringes P of the Moiré pattern is given approúmately by

P=,MP, (c.2)' - lM -rl
where p is the pixel pitch. To remove the Moiré effect, the fringe spacing must be greater

than the LCD area, i.e. P > Np where.ð/ is the number of pixels in either the vertical or

horizontal direction. If the imaging system is carefully aligned so that s = ft and. g = 0, then

M = lzlÍt Substituting into Equation C.2 and using the condition P > Np yields

¡ü f, 1Y

¡'¡+1t ht Fi (c'3)
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This indicates the limiting condition for alignment of the 4f imaging system is the lens

mismatch. For 200 mm focal length lenses with a mismatch of less than I mm, the number

of pixels able to be aligned is greater than 200. In practice, the conditions g = 0 and s = ft
may not be perfectly achieved, reducing the number of pixels available for alignment.
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Abstract

Many twisted nematic liquid crystal spatial light modulators suffer from limited phase modulation

capability and coupled amplitude modulation. In particular, a phase modulation capabiJity of less

than 2r radians is a severe limitation. Phase modulation is wavelength dependent. We examine the

effect of changing the operating wavelength on the phase and amplitude modulation characteristics

of a commercial liquid crystal spatial light modulator. Comparisons are made with a double pass

configuration which can also increase the phase modulation capability.

1. fntroduction

There has been considerable interest in recent years in using commercial liquid crystal televisions as

phase modulators, due to the low cost and ready availability of these devices. Although they are

designed as amplitude modulators, they offer an attractive method of computer controlling the phase

of a wavefront. They are not perfect phase modulators, as they usually have coupled phase-amplitude

modulation characteristics.

Many liquid crystal phase modulators suffer from less than 2¡r phase modulation capability, which is

needed to fully modulate the phase of a wavefront. Phase modulation is dependent on the retardation

of the panel, which is inversely related to wavelength. We report a simple method of increasing the

phase modulation capability by decreasing the wavelength of input light.

The modulation characteristics of liquid crystal panels have been studied intensely by various

authorsl-4. The panel used in this paper is from a commercially available video projector, and shows

typical coupled phase and amplitude modulation. The modulation depth is measured and optimized

using a technique described by Yamauchi and Eiju3. Two laser sources are used, He-Ne at 633 nm,

and frequency doubled Nd:YAG at 532 nm. The modulation characteristics for both wavelengths are

compared.
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A common method of increasing phase modulation capability of a single liquid crystal panel is to

use a reflective geometrys'6. However, a simple double pass configuration is not as effective for thin
liquid crystal panels, because the ellipticity of light emerging from such panels is high and therefore

the return path is not the same a^s the forward pass7. We examine the modulation characteristics

of the liquid cystal panel in a modified double pass configuration, and compare the results with the

effect of changing wavelength.

2. Theory

Commercial liquid crystal displays employ a twisted nematic structure, which has been described

elsewherel . Lu and Saleh2 used Jones calculus to calculate the theoretical complex-amplitude trans-

mittance of a twisted nematic liquid crystal panel. The modulation characteristics depend on the

orientation of an input polarizer and output analyzer, and the applied voltage supplied by a video

signal. The theory was applied by Yamauchi and Eijus to calculate the optimal polarizer/analyzer

configuration for phase mostly modulation.

For a liquid crystal with a right-handed twist angle of.0B - ds, where d5 and 0B ate the directors

of the input and output plane, respectively, the Jones matrix is3:

J = ce-i(Óo*þ)

where c is a constant representing losses in the system.

f -is -h-ij
h-ii f+;s

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(e)

i=\Fr
2rd

óo = lno
-rdþ=-¡-ln"-no)

1 = 1/p'¡ (08 - 05f
. 0p-0s
f = 

-# sinTsin(d¡ - ds) + cosTcos(9¿ - ds)
I

ß
g=!-sinTcos(d¿fds)

7
, 0p-0s
h = --" --.-" sinTcos(d¿ - 0s) +cosTsin(d¿ - ds)

7
ßj=lsinTsin(d¿f95)
I

Table 1 lists the system parameters.

When an electric field is applied to the panel, the extraordinary index of refraction n, changes, but

the Jones matrix ,.I in Equation 1 still applies, with B now a function of the applied voltage I/.
The liquid crystal display is usually placed between a polarizer and analyzer with angles tþp and,

tþe to the x-axis, respectively. The Jones matrix P(tþ) for a polarizer with angle ry' is

2



P(,þ) =

hlHence if the input polarization state has Jones vector then the final polarization state is

cos2 tþ sin ry' cos ry'

sin ry' cos ry' sin2 rþ
(10)

(11)

l;-:] h:l= Pþþp)J Pþþe)

: ce-ì(óo*þ) (nin cos úp * A¡n sin r/p)

cosrþa

sintþ¡

where i, = Icos(r/¿ - rþe)* ñ.sin(r/¡ - rþp)

-ils cos(tþ¡ +',þe) t j sinþþ¡ + rþp)l

The intensity transmittance 4 and phase delay ó" can be calculated via standard Jones calculus.

T, = c2 ln ìn cos $ p * y¿n sin rþ pl' li"l'
6":0-"rg(i")

i,X

(12)

( 13)

(14)

Phase modulation capability is the maximum difference in phase delay supplied by the video signal.

3. Modulation characteristics

The liquid crystal panel used in the experiments was designed for use in a Sharp XG-38008 video

projector. The properties of the panel are shown in Table 2. Video sources accepted by the panel are

PAL, NTSC, SECÄM, RGB and S-video. The panel is equipped with a microlens array on the front

surface to improve light throughput. There are three panels, one each for red, green and blue. Each

panel is monochromatic and all pixels can be independently controlled via a256 grey level video signal.

Active matrix addressing with thin film transistors is used. The electronics of the video projector were

used to drive the panel through a video signal generated by a personal computer.

An indication of the phase modulation capability is the parameter

0^r* = td\'nlÀ ( 15)

where Ln = (n" - no). É-.* is the value of B with no applied voltage and is equivalent to half

the retardance of the panel. In theory, B can vary between 0 and B-.*; however, manufacturers

usually restrict the operating voltages to the panel so that typically B is significantly less than B,r,.*,

presumably to ensure linearity of grey scale with voltage.

We used the method of Ref 3 to calculate É-"* and simulate the modulation characteristics at

two wavelengths as a function of polarizer and analyzer angles tþp and rþ¡. We also changed the
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voltage applied to the panel via the video signal while keeping the wavelength constant. A computer

simulation was run to find the best configuration of (ry'p, rþ¡) for phase modulation. Calculations were

performed for every 5o of rþp and rþ¡, and settings were found for maximum phase modulation and

phase modulation of zr or greater coupled with minimum intensity modulation.

The simulation results were verified by measuring the relative phase modulation using the Mach-

Zender interferometer shown in Figure 1. A video signal consisting of two stripes of differing grey

levels was written to the liquid crystal panel, and the fringe shift observed on a CCD camera.

4. Results

A. PAL input

The wavelengths 633 nm and 532 nm from a He-Ne and frequency doubled Nd:YAG laser, respec-

tively, were chosen to test the wavelength dependence of the liquid crystal spatial light modulator. A

PAL video signal was initially used as the driving voltage to the panel. The simulation results and

comparison to measurement are shown in Figures 2 and 3.

The measured values for B,o.* at 633 nm and at 532 nm were 0.73r and 1.08n, respectively, shown

in Table 3. The increase is due to the change in L,n/\ with wavelength. In this case, both An and

1/) increased as the wavelength decreased, contributing to a 48To increase ir É-.*. Table 3 also shows

the maximumvalue of B due to the video signal B(I/)^.*. In both PAL cases, B(V)^"* is significantly

less than B-r*.
At both wavelengths, the configuration for maximum phase modulation produced a discontinuous

phase function, accompanied by large amplitude modulation. This was predicted by the simulation,

and confirmed by observation, as shown in Figure 2. These phase discontinuities make this configura-

tion unsuitable for phase modulation. An unexpected ¡esult was that the maximum phase modulation

capability hardly changed when the wavelength was decreased. One possible explanation is that if the

maximum phase modulation capability at 532 nm was greater than 2r with a phase discontinuity of

2zr or greater, the simulation would be unable to predict it.

The case where á ) r and intensity modulation was at a minimum appeared to be the most

promising for phase modulation. Graphs of phase delay and intensity transmiùtance for this case are

shown in Figure 3. In this configuration, phase is monotonically increasing and intensity transmittance

is moderate. The configuration for optimal phase modulation was not identical at both wavelengths,

but changed by *5o. At 532 nm, the phase modulation capability for this configuration increased

by 55% from 1.152r to 1.78n, which is slightly greater than the increase in É-"*. However, therc

was also a large increase in the coupled intensity modulation ftorn20Toto62%. For a homogeneous

(non-twisted) liquid crystal panel, the increase ir É-.* would translate directly to an increase in

phase modulation capability, which is equal to its retard ation 2B^u*. There should also be no coupled

amplitude modulation at any wavelength for a homogeneous alignment. The case is more complicated
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with twisted nematic liquid crystal modulators, because the polarization state is changed by the

twisted angle.

Since the liquid crystal panel is quite thin (see Section 5), edge effects in the liquid crystal layer

may be significant. The liquid crystal molecules which are anchored to the glass substrate at either

end of the liquid crystal layer do not change alignment with an applied electric field. The effect of this

alignment layer in thin liquid crystal panels may explain why there are some discrepancies between the

simulation and experiment which cannot be attributed solely to measurement error. Ref 8 has included

these border effects in the Jones matrix formulation and a refinement of the computer simulation would

incorporate these changes, especially when dealing with thin liquid crystal panels.

B. R,GB input

The modulation characteristics were re-examined with a change of video signal from PAL to RGB.

A signal splitter and amplifier were required with an RGB input source, so that the signal could

be applied to both the liquid crystal panel and the computer monitor simultaneously. Without the

amplifier, the brightness of both the computer monitor and video projector dimmed perceptibly.

A phase modulation of 2r was now achieved for the optimal configuration, but again there was a

corresponding increase in intensity modulation to 81%. It appears that phase modulation cannot be

increased in a single pass without also increasing the coupled amplitude modulation. Plots of phase

modulation and transmittance are shown for the configuration (20o,60o) in Figure 4, while Figure 5

shows the 2zr fringe shift in the interferogram when four stripes with grey levels 0, 96, 176, 255 were

written to the liquid crystal panel.

The modulation characteristics at 532 nm changed significantly with an RGB signal. The phase

modulation capability increased as a result of the amplifier incorporated into the signal splitter. B-"*
does not change when the wavelength is kept constant, so the increase in phase modulation capability

from the PAL case at 532 nm must be due to a change in the operating voltage from the RGB signal.

This is clearly indicated in Table 3, showing the change in B(l/)-"* from the PAL to the RGB case

at 532 nm.

5. Comparison with double pass conffguration

A thick liquid crystal panel doubles its phase modulation capability in a simple double pa^ss con-

figuration (Figure 6(a)), where a polarizer only is used (no analyzer). An added advantage of this

configuration is that it produces no coupled amplitude modulation6. However, Ref 7 has shown that

such a simple configuration will not double the phase modulation capability of thin liquid crystal

panels.

A twisted nematic LC panel is considered to be thick if the degree of ellipticity of light emerging

from the panel is small. According to the Maugin limite, the extent of elliptical polarization will be
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negligible if

d\,n >> \/2 (16)

is satisfied. This condition can be rewritten

0^ * )) rl2 (17)

Using the values of þ^u* in Table 3, the Sharp panel does not satisfy Equation 17 at either wavelength.

Hence the panel cannot be considered to be thick. New high resolution liquid crystal panels are tending

to be thinner to improve response times.

According to Ref 7, a thin liquid crystal panel will double its phase modulation capability in a
double pass configuration only if sandwiched between a polarizer and analyzer (see Figure 6(b)). In
this configuration Equation 11 becomes

I 
t,", 

I - e2e-i(zþo+zÞ-,12)(x¿n cosgp * y¡nsin{p)

1v"", l
= | .or,/" Ixra I I (18)

I srn/r 
J

where f¿ is the complex transmittance of the double pass system. It can be shown using Jones calculus

for the double pass system that

id = i? (1e)

where f" is the complex transmittance of the single pass system defined in Equation 12. Hence the

phase delay ó¿ is doubled, but the intensity transmittance ?¿ is squared.

6¿ = 26o (20)

Td = T: /þíncostþp * y¡nsintþpl2 (21)

Equation 21 implies that there will be an increase in amplitude modulation as well as a reduction in

transmitted power for the double pass system compared with the single pass.

Figure 7 shows the simulation results for the (20o, 75o) case at 633 nm for both the single and double

pass configurations. Intensity transmittance for the double pass configuration has been calculated

assuming that lr¿,, cos rþp * g,¡, sin ,,þpl = 1. While the phase modulation capability has increased to

2r, the intensity modulation has also increased from about 20To to approximately 40%, altough this

increase is difficult to detect in Figure 7(b) due to the change in scale from the single to the double

pass case. The double pass results would appear to be an improvement on the 532 nm cases, but the

marked increase in intensity losses should be taken into account if the double pass configuration is

to be used practically. We have previously achieved 2ur phase modulation capability at 633 nm using

two liquid crystal panels in transmission, and minimized the coupled intensity modulation with an

optimization techniquelO. The coupled intensity modulation of the two panel system was just over

20To, comparable to that of a single panel used in transmission, but once again, intensity losses were

high.
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6. Conclusion

We have studied the change in modulation characteristics of a twisted nematic liquid crystal spatial

light modulator as the operating wavelength was decreased from 633 nm to 532 nm. The phase

modulation capability at the optimal settings increased with the shorter wavelength, and was slightly

more than the increase ir É-.* for the same change in wavelength. The phase modulation capability

also increased when the input wavelength was kept at 532 nm, but the signal soutce was changed from

PAL to RGB, causing a change in operating voltage. We found that in both cases the increase in

phase modulation capability was accompanied by an increase in the coupled amplitude modulation,

and the configuration for optimal phase modulation changed slightly with wavelength and operating

voltage, which are possibly due to the twisted angle effect.

A double pass system also increases the phase modulation capability of a thin liquid crystal panel

when both a polarizer and analyzer are used. With such a configuration, B*.* and phase modula-

tion capability both double at a particular wavelength, but there is also a corresponding increase in

amplitude modulation, and intensity loss is much greater than the single p¿rss car¡e.
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Fig. 1. Mach-Zender interferometer for measuring phase modulation
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Fig.5. (a) Fringe shift showing optimal phase modulation at (20o,60o) for 532 nm with RGB input. (b)

Four stripes of grey levels 0, 96, 176, 255 applied to the LCD.
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(b)
Fig. 6. (a) Simple double pass configuration for a thick LC panel with polarizer only. (b) Double pass

configuration for a thin LC panel with added analyzer
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TABLES

À wavelength of incident light

thickness of panel

angle ofinput director from r-axis

angle of output director from r-axis

retardation of panel

d

0s

0B

2þ^^*

Table 1. System parameters of twisted nematic liquid crystals

Inputs

Screen Size

Pixel pitch

Number of pixels

Addressing

PAL, NTSC, RGB

S-video, SECAM

73.3 mm (H) X 54.7 mm (V)

3.6 inch (diagonal)

0.114 mm X 0.114 mm

Even line 644 (H) X 240 (V)

Odd line 643 (H) X 240 (V)

TFT active matrix

Table 2. Specifications of the liquid crystal panel

633nm (PAt) 532nm (PAt) 532 nm (RGB)

þ^*
p(v),""*

0.73r

0.502r

1.08r'

0.69¡'

1.08r'

1..06¡'

Table 3. Change in the parameters B-.* and B(V)-o* with wavelength and operating voltage
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Genetic optimization of modulation characteristics for two twisted

nematic liquid crystal spatial light modulators

Thu-Lan Kelly, Jesper Munch

Department of Physics and Mathematical Physics

University of Adelaide

Adelaide Australia 5005

Abstract

A single twisted nematic liquid crystal spatial light modulator may suffer from coupled amplitude

modulation and a phase modulation capability of less than 2r, although almost all panels can achieve

zr. Two twisted nematic liquid crystal panels can be combined in an optical system to produce a

total phase modulation of at least 2r, and minimal coupled amplitude modulation. A genetic

algorithm is used to optimize the combined modulation characte¡istics of two liquid crystal panels in

a multiplicative architecture. Simulation results and experimental verification are presented which

show a substantial reduction in the combined amplitude modulation, and a total phase modulation

of 2zr.

1. fntroduction

Twisted nematic liquid crystal spatial light modulators are widely used for a variety of image processing

applications, but typically they suffer from coupled phase and amplitude modulation, and some panels

have less lhan 2¡r phase modulation capability. A perfect phase modulator is capable of at least

2r phase modulation with zero amplitude modulation, so a single liquid crystal panel may possess

less than ideal phase modulation characteristicsl . The addition of a second panel will increase the

total phase modulation capability, and the individual modulation characteristics can be combined to

minimize the total amplitude modulation, by using a suitable optimization algorithm.

Genetic algorithms (GAs) are population based optimization techniques which simulate natural

selection and evolution. For complicated systems, the technique is simpler and often petforms better

than classical gradient-descent algorithms or random searches2. Recently, GAs were applied to a

problem in lens designs. In this paper, a genetic algorithm is used to optimize the combined non-

linear modulation characteristics of two twisted nematic liquid crystal panels. Each panel has a phase

modulation capability of approximately zr radians, coupled with a moderate amplitude modulation

of just over 20Vo. A lookup table of video level versus combined phase modulation is generated.

Simulation and experimental results are presented showing a reduction in amplitude modulation of

approximately 40To on the unoptimized transmittance.
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2. The genetic algorithm

The genetic algorithm consists of three steps: ranking, reproduction and mutation. Potential solutions

to the problem are coded into strings or "chromosomes". An initial randomly generated population

is ranked for fitness by a particular cost function, reflecting the problem to be optimized. The initial
population is allowed to reproduce according to the principle of "survival of the fittest". Selection

for reproduction is biased by ranking so that fitter members have a greater chance to reproduce.

Once the parents have been selected, children are created by random copying of "genes" from each

parent. Gene copying may be biased or unbiased. After reproduction, mutations are introduced into

the children to avoid inbreeding. When reproduction and mutation are complete, the children become

the next generation of parents, and are themselves ranked. The cycle of reproduction, mutation and

ranking continues until convergence, i.e. successive populations are marginally more fit than previous

generations. Figure 1 shows the conceptual flow chart for the genetic algorithm. A more detailed

description of genetic algorithms is given in Goldbergz.

3. Optimization of modulation characteristics

A. The problem

The problem to be solved is the optimization of modulation characteristics of two twisted nematic

liquid crystal panels combined in a multiplicative architecture (Figure 2), first suggested by Gregory el

ala. Let the first panel have a complex transmittance of ft exp(i/1), and the second T2exp(i$2), where

T1,72 and $1,$2 arc the intensity transmittance and phase as a function of video level 91, 92 of panel 1

and panel 2, respectively. The complex transmittance of the two panel system is T1T2 exp[i(/1 a /2)] =
Texp(iþ). A complete description of a wavefront requires a phase function { which ranges from 0 to
2tr. Hence a lookup up table for phase / versus p1 and 92 is generated, where / is a linear array from

0 to 2r, quantized into No levels.

a¡þl=2#,k-0,...,N0-1 (1)

The problem is optimized with the following constraints:

Find 91,92 such that

r. ó{st) + óz(sz) - S for þ e l0,2rl

2. the combined intensity transmittance T = T(gt)fzkz) has minimum variance over all values

of 91 and 92.

The "chromosomes" or strings p1 and 92 are coded in the following way: f1 and 92 are aûays of N,
bytes or "genes". Each gene contains a value from 0 to l/e, which is the grey level for that gene. To

satisfy the first constraint for phase Q, each gene À of 91 is chosen randomly, and 92 is determined by

2



ór(szlk)) = ólkl - ${s1lkl) vk (2)

There is an additional constraint, because 0 1 ót,óz ( ¡r. Ilence for each value of ólkl, ó{C{k]) and

óz(grlkl) must be chosen appropriately. For / near 0 and, 2r, there will be a restricted choice of /1

and óz and this will limit the optimization process.

The second constraint on the combined transmittance is optimized by the genetic algorithm. The

normalized cost function for fitness ranking is given by

- - Dil:;'lrlkl-rl'z
v--

D;:;'lfl' 
(3)

- 1{{1
where T=# Lrlrl"I k=o

In this case, each member of the population is a pair of strings, gt¡gz. The lower the cost function

of each pair, the higher its fitness. The population is sorted from lowest cost function to highest,

producing a ranking from 1 to N pop, the size of the population. The most fit pair of strings is given

a rank of. Npop - 1, and the least fit, a rank of 0.

B. Reproduction and mutation

Once the population has been ranked, it is ready for reproduction. A linear probability distribution

function is used to bias the selection process towards the fitter members of the population. A uniformly

distributed variable r between 0 and 1 is converted to a linearly distributed variable y by the following:

Y=\/c (4)

using the relation

P1(x)dæ = P2(y)dy (5)

where P1(æ) = 1 and P2(y) = 2y.

A linearly distributed ranking r = NpopU is generated, selecting the string with rank r for repre

duction. Two parents chosen in this manner are mated by randomly copying genes from each parent

to produce children. Two offspring are produced by each set of parents; one child is the complement

of the other (see Figure 3). Npop children are generated.

A random perturbation or mutation is added to the children to avoid inbreeding and premature

convergence. A mutation probability p^ = 0.01 - 0.025 is used. The mutation position and value

are randomly selected. The children are ranked, and the next generation is formed from the fittest

member of the parents, and the Nooo - t highest ranked children; i.e. the least fit child is discarded.

This process guarantees that the best cost function for each generation will never be worse than the

previous generation.

3



C. Convergence

The population is considered to have converged when the best cost function for the current population

is not a significant reduction on the previous generation. For the Èth generation, the convergence

criterion is

o < e(È -.1,ìr e(e) 
< o.oo1 (6)

e(k)

Iteration continues until convergence, or the maximum number of iterations has been attained.

4. Results

At an input wavelength of 633 nm, a restricted phase modulation capability of - n radians with

a coupled amplitude modulation of - 20To was available to each panel. The phase and amplitude

modulation characteristics of each panel are shown in Figure 4. The number of quantization levels

used was Nc =256, equal to the number of grey levels used for each panel.

The genetic algorithm was applied with a population size Npop = 300 and a maximum number of

iterations tr/ = 1000. The best cost function of the initial population was 0.013; after convergence,

the best cost function was 0.0045. The cost function reduced rapidly for the first 100 iterations, and

then reduced much more slowly, shown in Figure 5(a). Figure 5(b) shows the cost functions for the

final population, with the small range of values indicating convergence.

The unoptimized combination of ót = óz = ó/2 produced a total phase modulation capability of
just over 2tr, with a total amplitude modulation of. 37To, shown in Figure 6. The simulated optimized

transmittance is also plotted in Figure 6(b), showing a reduction in amplitude modulation fromSTTo to

22To, and experimental measurements agree well with the simulation. The combined phase / plotted

in Figure 6(a) fulfilled the design constraints for both simulation and experiment. Further reductions

in amplitude modulation were not possible due to the limited phase modulation capability of each

panel, and the tightly constrained requirements for {.
This process is not restricted to the case where the two panels have similar modulation characteris-

tics. For instance, it could be used to optimize any combination of individual modulation characteris-

tics, provided the sum of the maximum phase modulation capabilities of each panel was 2r or greater.

Two twisted nematic liquid crystal spatial light modulators can also provide full complex modulation

of a wavefront, requiring independent control of both phase and amplitude. One liquid crystal panel

must be capable of at least 2n phase modulations. A lookup table for phase and amplitude could be

generated by the genetic algorithm, producing an N, x Nn array for both 91 and. 92.

4



5. Conclusion

The genetic algorithm was applied to the optimization of modulation characteristics of two twisted

nematic liquid crystal spatial light modulators. The combined phase modulation of the two panels was

required to range from 0 to2zr, while a minimaltotal coupled amplitudemodulationwas desirable.

Results from the simulation show that the coupled amplitude modulation was reduced from 37% for

the unoptimized case to 22To, while fulfilling the phase requirements. The optimized two panel system

had a coupled amplitude modulation of about 20%, comparable to that of a single panel, but double

the phase modulation capability. The GA technique could be extended to generate a lookup table for

full complex modulation, provided at least one of the liquid crystal panels was capable of 2r phase

modulation.
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Figure 1: Flow chart for the genetic algorithm

Figure 2: lf imaging system. P1-P4 are polarizers.

Figure 3: Example of reproduction of (a) parent strings to form (b) two complementary children

Figure 4: Individual phase and amplitude modulation characteristics for panel 1 and 2

Figure 5: (a) Reduction in best cost function on iteration; (b) variation in cost function of the final

population

Figure 6: Simulation and experimental results compared with unoptimized sytem.
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lst parent

2nd parent

(a)

lst child

2nd child

(b)

Fig. 3. Example of reproduction of (a) parent strings to form (b) two complementary children

18d 58 198 6t 243 107 214 74 t59 220 3 239

152 156 201 t23 224 80 160 86 249 2t 92 t9t

198 243 107 159 3 239

20r 224 80 249 ozlor

180 58 6r 214 74 220

t52 r56 t23 160 86 2t
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Phase aberration correction using dual liquid crystal spatial light

modulators

Thu-Lan Kelly and Jesper Munch

Department of Physics and Mathematical Physics

University of Adelaide

Adelaide Australia 5005

Abstract

A phase aberration correction system using high resolution, twisted nematic liquid crystal spatial

light modulators in a Mach-Zender interferometer is presented. A correction algorithm is described

and experimentally verified using initially one Iiquid crystal panel. Phase aberrations are successfully

removed by a single liquid crystal panel but unacceptably high amplitude variation is introduced into

the wavefront due to the phase-amplitude coupìing of the spatial light modulator. A second panel

is used to remove the amplitude modulation. The modified optical system using a multiplicative

architecture is described, and results are presented which show the correction of phase aberrations

with an amplitude variation of less than 10%.

Key words: Aberration correction, liquid crystal devices, spatial light modulator

1. Introduction

Commercially available liquid crystal spatial light modulators (LC StMs) have many properties which

make them suitable as wavefront correctors in optical systems, including low cost, low power consump-

tion, compactness, reconfigurability, high resolution, a transmissive nature and computer control. LC

SLMs have been used for real-time aberration correction in prototype adaptive optics systemsl-4, but

are limited by their slow response times, which must be improved before they are viable for adaptive

opticss. However, if the aberrations to be corrected are not time-varying, the update rate of the cor-

recting device is not important, and the advantages of LC SLMs can be fully exploited. An example of

such an application is correction of large, low cost telescope primary mirrorso. Fast processing speeds

are not required for compensation of fixed or slowly varying aberrations and hence simpler optical

systems and correction techniques can be used.

A static correction system was developed by Dou and GilesT using a commercial LC SLM in a

double pass configuration. Advantages of their double pass system included a doubling of the phase

modulation capability, and removal of the coupled amplitude modulation. However, Yamauchi and

Eiju8 have shown that this is not true of thin twisted nematic liquid crystal panels, found in most

high resolution commercial video projectors. The complex transmittance of the single pass panel is

squared in the double pass configuration, doubling the phase modulation capability but squaring the

1



intensity transmittance. The result is that amplitude modulation increases for a thin liquid crystal

panel in a double pass configuration. Here we present an optical system containing two thin twisted

nematic liquid crystal panels for correction of static phase aberrations, which retains the transmissive

nature of LC SLMs, and a new, simple correction algorithm developed for this purpose.

The correction algorithm based on fringe location in interferograms is developed and initially tested

with a single panel to correct phase distortions. We found, however, that coupled amplitude mod-

ulation is introduced into the wavefront, requiring the use of a second panel for the approach to be

practical. The two panels are imaged one-to'one using a 4/imaging system, producing a multiplicative

system which allows independent control of the phase and amplitude of a wavefront. This architec-

ture has been used for matched filteringe and to create computer generated hologramsr0'rr, but to
our knowledge has not been previously used in a correction system. In our application, one panel

compensates the aberrated phase of the wavefront and the other panel removes the coupled amplitude

modulation of the first panel. Results from the two panel system are presented showing successful

correction of the distorted wavefront.

2. Phase and amplitude modulation

When liquid crystal displays are used as spatial light modulators, they can operate in two ways: a^r¡

phase or amplitude modulators. Commercial panels are designed to provide intensity variation in

televisions and video projectors and amplitude modulation is therefore easy to achieve. However,

scientific research has focussed on using the panels as inexpensive and readily available phase mod-

ulators for optical processing. In practice, phase modulation is coupled with amplitude modulation.

While coupled mode operation is not detrimental for display purposes, the requirements for scientific

applications of phase or amplitude modulation are mote stringent.

The desired characteristics for perfect phase only modulation are:

r phase modulation of at least 2r.

. zeto amplitude modulation.

For perfect amplitude only modulation:

r high contrast ratio.

o linearity of transmission with video level.

r low phase modulation is desirable.

Modulation characteristics of liquid crystal panels depend on the orientation of the input polarizer

and output analyzer. A computer simulation suggested by Yamauchi and Eijul2 predicted the best

configurations of polarizer and analyzer for phase and amplitude modulation.

2



3. Correction Technique

According to Gaborl3, if a wavefront tþ(x,g) : ,4exp(ió(r,y)) with constant amplitude á and aber-

rated phase ó(r,y) is corrected by the insertion of a phase plate producing the conjugate wavefront

B exp(-iS(x, y)), the wavefront transmitted by the phase plate will be a plane wave free of aberrations.

In this paper, the aberrated wave is interfered with a reference plane wave, phase is extracted from

the interferogram, and the conjugate phase is written to the LC SLM, through which the aberrated

wavefront is transmitted.

Retrieval of the phase aberration is based on an interferometric technique. Our method uses fringe

location in the interferogram to determine the phase of the wavefront. It is a very simple algorithm

which does not require complex computation. The method cannot be used with closed fringe loops,

but these can be easily avoided by adding appropriate tilt to the reference beam. Correction is also

limited to wavefronts with phase and amplitude variations of much slower spatial frequency than the

pixels of the LC SLM.

Consider the interference between the aberrated wavefront AexpliS(æ,y)] and a tilted plane wave

Cexpf-i2rfsc], where, for simplicity, tilt with carrier frequency .fo has been added in the ¿-direction

only. The intensity I(r,y) of the interferogram is given by

I(r,a) = lAl' + lcl' + 2AC cos[/(c, y) + 2rfoo]

= lAl' +lcl' +2AC cos[/'(æ, y)]

where ó' (*,y) : ó(o, v) + 2rfoa

(1)

(2)

In this case, the interferogram consists of a set of vertical fringes shifted locally by the phase /(c, y).

Intensity will be at a maximum at points where ó' = 0, and minimum where ó' = o. Hence, the

fringes are located at points $' - (2n*L)r, where n is an integer. Points with phase ó' = 0 are located

midway between fringes. In practice, intensity fluctuations can cause an error in fringe detection, if it

is assumed that there is no amplitude variation in either test or reference beams. Ilence fringes cannot

be detected as pure intensity minima in the interferogram, but rather as local minima of points below

a certain local intensity thresholdl4, assuming that the background intensity variation is much slower

and the spatial variation of þ(a,y) is somewhat slower than the carrier fringe frequency /s. This is

a reasonable assumption for practical aberrators where sufficient tilt has been added to the reference

beam to remove all closed fringe loops. The data is analyzed line by line, where the fringes are more

or less perpendicular to the scan line, and a floating local threshold calculated for each line. Noise

is removed by applying a smoothing algorithm. Midpoints between fringes are taken to be points of

zero phase (the reference points), and the distance between reference points is the local wavelength,

Â(r, y) of the interferogram (see Figure 1). At a point P which is a distance d from a reference point,

the phase is approximated by

, 2rd
ó'(d,\ = ''i- (3)¡\/^

.1



The sign of the phase is made consistent by arbitrarily calculating positive distance and hence phase

to the right of a reference point. The actual polarity of the aberrated phase cannot be determined

from static interferogram analysisla, but ifnecessary this could be determined by dithering the phase

of the reference beam slightly and noting the corresponding direction of fringe movement. Finally,

the conjugate phase -ó'(r,y) is written to the LC SLM by a video signal derived from the measured

phase modulation characteristics, Then the intensity of the corrected interferogram is

I' (r, y) = 1,4 exp[i/(c, y)] exp[-i ó' (,, V)] * C expl-i2r loxll2

= lA+ Cl2 (4)

which has no phase variation, producing a "zeto fringe" interferogram. If tilt is added to the reference

beam, a set of straight fringes will result.

This method extracts the phase ó'(r,A) which is the aberrated phase ó(t,y) plus an extra term

2trfsx dlte to the tilt of the reference beam, which is removed as part of the conjugate wavefront.

Since phase is considered modulo 2n, additional tilt does not require the panel to have a greater phase

modulation capability. If tilt is undesirable, it can be subtracted separately using knowledge of the

carrier frequency /s.

Since the tC StM is pixellated, the distance between fringes must be considered in accordance

with the Nyquist sampling theorem, and hence this places an upper limit on the number of fringes

which can be corrected by the panel. In practice, signal to noise requirements and accuracy in fringe

location lower this limit.

4. Results with one panel

The phase co¡rection algorithm was tested using one LC SLM in a Mach-Zender interferometer (Fig-

ure 2). The panel is a twisted nematic type taken from a commercial video projector (Sharp XG-3800E)

supplied with three monochromatic liquid crystal panels. The video projector can accept input signals

from PAL, NTSC, SECAM, S-video and RGB sources. The panel has a 9.1 cm diagonal with 643.5

x 480 pixels in a half-dot stagger arrangement, and is equipped with a microlens array on one side to

increase light throughput. The full area of the panel was used in the experiment. The liquid crystal

layer is quite thin, typical of high resolution panelss, with thickness - 5pm.

A PAt video signal generated by a video card in a PC was used to write a 256 grey level image to the

tC SLM. At a wavelength of 532 nm, a phase modulation capability of 1.8r was available at polarizer

and analyzer angles of 15o and 78o, respectively (where 0o was aligned with the front director of the

LC panel). The coupled amplitude modulation was 62Vo. Although the maximum phase modulation

capability achievable was less than the 2r required for full correction, it was sufficient to test the

effectiveness of the algorithm.

The system was first used to correct the self-aberration ofthe panel. Figure 3(a) shows the interfer-

ogram of the panel aberrations with tilt added to the reference beam. The algorithm wa,s applied to

4



the interferogram to extract the aberrated phase plus tilt, and the phase modulation characteristics

of the panel used to produce the grey level image shown in Figure 3(b). The interference pattern

of the corrected wavefront is shown in Figure 3(c), indicating that most of the phase aberration has

been removed, leaving a faint trace due to the remaining phase and amplitude. This was convinc-

ingly proved by adding tilt to the reference beam, resulting in straight fringes (Figure 3(d)). Slight

discontinuities in the fringes were due to the less than 2zr phase modulation of the panel, consistent

with Figure 3(c). However, amplitude variation was also introduced on the wavefront due to the

coupled phase-intensity modulation of the panel. This is clearly shown in Figure 4 which is the image

of the grey level pattern on the LC panel produced with the reference beam blocked. If there had

been no amplitude modulation, a uniform intensity would have resulted. To overcome this amplitude

modulation with the present twisted nematic LC SLM, we used two panels, one a phase modulator

and the other an amplitude modulator.

5. Two panel system

As shown above, one LC SLM was able to provide almost 2n radians of phase modulation, but

with significant coupled amplitude modulation. Almost complete correction of phase aberrations was

achieved with a phase depth of slightly less than 2r radians. Two panels were subsequently used,

with the first panel correcting phase aberrations and the second removing the coupled amplitude

modulation of the first.

The optical system in Figure 2 was modified for two panels, and shown in Figure 5. Due to the

lack of enough large, high quality lenses, only the central section of the panels was imaged one-to-one

using a 4/ imaging system with two matched .f = 200mm, d = 50mm lenses. This resulted in a

multiplicative architecture. If the first panel is driven with a function A(r,y) and the second with

B(r,y), then the wavefront transmitted by the two panel system will be proportional to.4(c, y)B(u,v).

In this application, if the first panel is driven with a function A(r, V) = Tt(x, y) exp(-iþ(c, y)), where

ó(*, V) is the aberrated phase of the wavefront and T(s, y) is the coupled amplitude produced by the

panel, and the second panel is driven with B(c, y) =Tz(s,y)exp(iO), then the transmitted wavefront

will be proportional to T1(x,V)Tz(s,y) exp(-il(x,y)). H Tr(r,A) is chosen appropriately, amplitude

variation will no longer be introduced into the transmitted wave.

A PAL video signal could no longer be used as the driving voltage to the panels, since PAL couples

the R, G, B signals and two independent signals were required to drive the two panels. Hence an RGB

input was chosen as the driving system, which required a signal splitter containing an amplifier.

The phase modulation characteristics with an RGB input were found to be significantly different

from the PAL case. A phase modulation capability of 2zr with a corresponding amplitude modulation

of 72% was now available at polarizer and analyzer angles of 20o and 75o. The 2zr phase modulation

occurred over a restricted grey level range of 0 to 160. The second panel required an amplitude

modulation greater than the first panel, together with zero phase modulation. The configuration with
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polarizer and analyzer angles of -80o and -5o and a restricted grey level range of 64 to 255 satisfied

these requirements.

The corrected amplitude was calculated by assuming a constant total amplitude T1T2 = /c, where

7r is the transmittance of panel 1, and ?z is the transmittance of panel 2. /c represents the final

intensity transmittance of the two panel system. The limits of & were determined by

max("r) x min(?2) < À < max(?2) x min(Tr) (5)

The upper limit was chosen as this resulted in a higher total transmittance.

The method for calculating the corrected phase and ampìitude was as follows

1. Calculate the aberrated phase from the interferogram using the correction algorithm;

2. Convert phase to grey level using the phase modulation characteristics of panel 1;

3. Determine the coupled amplitudeof panel l using the transmittance curve of ft;

4. Calculate ?2 using Tz = lc/Tt;

5. Convert ?2 to grey level using the transmittance curve of ?2

A function was fitted to both the phase modulation and transmittance of panel I to facilitate this

procedure, bú T2 was converted to grey level by interpolation of the measured data, which was non-

linear. The measured intensity transmittance of the two panel system as a function of panel 1 grey

level is plotted in Figure 6, showing an amplitude modulation of gTo, which is a great improvement

on the one panel case. The residual amplitude modulation was due to slight coupling of the R and

G drivers. If necessary, the R and G coupling could be removed by either measuring the coupling

coefficients or using two video projectors to drive the two panels independentlylo.

As mentioned, the full area of the panel could no longer be used due to the 50 mm aperture of the

available imaging lenses, so a 128 x 128 pixel area was used instead. The interferogram of the 128 x

128 pixel section of both panels is shown in Figure 7(a). The intensity distribution for panel I was

written to the G driver, while the R driver was used for panel 2. The resulting video image is shown

in Figure 7(b). The corrected wavefront is shown in Figure 7(c), and with tilt added in Figure 7(d).

Straight fringes in Figure 7(d) indicate that phase aberrations have been successfully compensated,

while the slight background intensity variation in Figures 7(c) and (d) is due to the remaining g%

amplitude modulation. The overall transmittance of the whole system was limited to less than 1%.

In principle, the transmittance could be increased to about L\Toby using clear polarizers for P1, P2

and P4 in Figure 5, and a halfwave plate instead of P3.

This method can also be used to add extra amplitude variation into the wavefront. The amplitude

correction T2 can be multiplied by the desired amplitude information, and hence the two panel system

can independently control both the phase and amplitude of the wavefront. Therefore this system
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could correct for both phase and amplitude aberrations. Small amplitude distortions appear as a non-

uniform background on the interferogram, and this could be removed by an extension of the correction

technique.

6. Conclusion

A phase aberration correction system was described which used two liquid crystal panels imaged one-

teone in a multiplicative architecture. The two panel system successfully corrected phase distortions

using an interferometric correction technique. The amplitude variation produced by the system was

less than 10%, which is a significant improvement on the original one-panel system.
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Figure l.: Determination of phase from an interferogram.

Figure 2: Mach-Zender interferometer with one LC panel.

Figure 3: (a) Interference fringes showing aberration of one panel; (b) Calculated correction; (c)

Corrected wavefront; (d) Same at (c), with tilt added to reference beam.

Figure 4: Intensity variation of the panel.

Figure 5: Mach-Zender interferometer with two panels LCD1 and LCD2. P1-P4 are polarizers.

Figure 6: Measured intensity transmittance and phase modulation for two-panel system at 532 nm.

Key: 
- 

fitted curve; I, o experiment.

Figure 7: (a) Interferogram of two panel system; (b) Calculated correction; (c) Wavefront corrected

by twepanel system; (d) Corrected wavefront with tilt added to reference beam.
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Fig. 4. Intensity variation of the panel.

13



laser PAL

P1 spatial

filter

ccD
camera

spatial LCD2 P3
beam

splitter

quarter-wave
plate

Fig. 5. Mach-Zender interferometer with two panels LCD1 and LCD2. Pf-P4 are polarizers

P4

filter
I

RGBPC Video
Projector

LCDl
beam

splitter

,)o

I4



Transmittance for (ZO,Z5) Phase Modulation for (20,75)
1.0 2.1tt

20.8

4

.2

0.

0

c)
C)
d
(õ
+)+)

E
v)

õ
¡r+)
É
c)
N

(Ú

E
¡r
oz

0.6

m
É(l
€
õ
¡r

É
o
+)
õ
J€
o

(¡)
(n
(õ

0.

0n

1.5n

1.0n

5n0

00.0
0 50 100 150 200

Video Level

Transmittance for (-80,-5) Total transmittance of 2 panels

50 100 150 200
Video Level

0

1.0 1.0

0.0 0.0
50 100 150 200 250 300 0 50 100 150 200

Video Level Video Level on panel I

Fig. 6. Measured intensity transmittance and phase modulation for two-panel system at 532 nm. Key: 
-

fitted curve; r, o experiment.

0.8

0.6

o.4

,20

c)
o
d+)
+)
d
h
m
É
(ú
¡r+)
€
0)
N

d
k
Êr
oz

0.8

.4

0.6

0

0.2

q)
O
L
õ
+)+)

a)
É
õ
¡{+)
.lt
(¡)
N

õ
E
fr
oz

o
o o

o o

15



À
0!

i. ç-
r

o 0^ @
 

\:/
9- 15

o E
Þ

- 
t*

l
x o

!r
 

0!

3 
H

ã
ã'

 
ov

JÉ 9"
 ¡

¡
ãe -*

g
ão +

;
=

3
+

9 Þ
-

O
-ú

Ê
.v

('ô Ê
.O

áÞ
t

ô= 9'
 ã

.
ôÞ

-
ôô oo dE oo Þ

¡ 
al

p-
ô € p o E o ô o i E o ô o È d

p

f 
*,

 
c*

e
*.

*,
n 

&
 

t"
:t

rf
fi 

*r
L¿

a*
 "

*i
F O

)

d



Improved kinoforms on spatial light modulators with less than zr phase

modulation capability

Thu-Lan Kelly and Jesper Munch

Department of Physics and Mathematical Physics

University of Adelaide

Adelaide, Australia 5005

Abstract

A novel method of encoding a phase hologram which uses less than n radians of phase is described.

The technique is based on Lee's delayed sampling method for amplitude holograms. It was devised

for use with liquid crysta.l spatial light modulators with limited phase modulation capability. Results

are compared with Lee's method and binary phase holograms and show improved image quality.

Subject terms: kinoforms; liquid crystal displays; phase modulation

1. Introduction

Twisted nematic liquid crystal spatial light modulators are widely used to produce computet-generated

phase holograms or kinoformsl which are capable of greater diffraction efficiency than amplitude

holograms. A phase modulation capability of 2r is required to fully describe a wavefront. Early twisted

nematic liquid crystal spatial light modulators did not have this capability, and binary kinoforms

were used to solve this problem2. Binary kinoforms are capable of high diffraction efficiency, but

suffer from quantization error due to the use of only two quantization levels, and from a reduction in

space-bandwidth products.

We discovered a novel method for synthesizing kinoforms while investigating Lee's delayed sampling

algorithma for amplitude holograms. The motivation for this method came from the limited phase

modulation capability and the coupled amplitude modulation found in most commercial liquid crystal

spatial light modulators. It is an alternative to binary kinoforms which requires less phase modulation

while using a greater number of quantization levels, resulting in an image of better quality.

2. Method

Lee's delayed sampling methoda synthesizes Fourier amplitude holograms. The Fourier transform of

the desired object is calculated, and a Fourier coefficient is assigned to a cell of the hologram. Each

cell is divided into four subcells, representing four phasors on the complex plane. The length of each

phasor is adjusted by varying the transmittance of each subcell, which produces a resultant of any
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presctibed phase and amplitude. The relative phases of the subcells are given by the delayed sampling

eflect.

In a simplification of Lee's method, Burkhardts decomposed a complex-valued function F(u) into

three real and positive components.

F(u) = lr(u)l exp[e/(u)]

= f'r(u) * F2(u)exp(i2trl3) * F3(u) exp(iLr/S) (1)

The phase factor exp(ik2r/3) for È = 0,1,2 is produced by the relative position of the subcell within

the cell. The functions F¡ (u) are encoded by varying the transmittance of the ,tth subcell.

In our version of Lee's method, each cell is divided into three subcells or phasors, each covering

one-third of the complex plane. For a phase hologram, the length of each phasor remains constant.

Therefore, instead of applying amplitude modulation to each subcell to produce a final resultant, each

phasor is rotated by an angle given b¡' the amount of phase modulation applied to the subcell.

Let the first phasor be represented by exp(i0), the second by exp(i2r/3), and the third by

exp(iLr/3).If the required phase modulationfor the whole cell is {, then in analogy to Equation I a

phase modulation of a, þ,1 is applied to the three subcells respectively, where

exp(r/) - exp(ia) exp(i0) + exp(eB) exp(i2tr/3) * exp(i7)explarft)

and

(2)

a, þ,'f =
$,0,rf3 if0<d<2r/3

" 13,(ó - 2r /3),0 if 2r/3 < Q < 4tr/3

0,rf 3,(þ - +r/3) if 4r/3 < ó < 2tr

(3)

This has the effect of rotating the appropriate phasor to represent /, while the remaining two phasors

cancel. Figure 1 shows the representation in a Wessel-Argand diagram for the case 0 < $ < 2tr/3.

The cancellation is achieved by rotating one ofthe other phasors by zr/3, until it is equal and opposite

to the the remaining phasor. The maximiumvalue of a, B, or 7 is 2zr/3 radians.

Phasor rotation requires at least three phasors to cover the whole complex plane. Two phasors

exp(iO) and exp(i/), representing the top and bottom halves of the complex plane, respectively,

cannot produce a resultant within the regions r /3 < þ < 2r /3 and 4tr f 3 < ó < 5zr/3 (see Figure 2).

Hence three phasors are needed when the maximum rotation of each phasor is at most z¡ radians.

3. Results

A hologram of the letter "F" was written on a liquid crystal spatial light modulator using our method.

The liquid crystal panel was taken from a commercial video projector and described in detail in a
forthcoming papero. The input object is shown in Figure 3. The error-reduction methodT was used

to synthesize the kinoform. This is a well-known iterative method which applies constraints in the
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Fourier and object domain until the solution converges. For kinoform synthesis, the constraints in the

Fourier domain are the removal of amplitude information and the quantization of phase. The input

object was multiplied by a pseudorandom phase array to compensate for loss of amplitude information

in the kinoform. To preserve the aspect ratio, each Fourier coefficient was allocated a 3 X 3 cell, rather

than the 4 X 1 cell suggested by Leea. For an input resolution of 64 X 64 pixels, a hologram of lg2

X 192 pixels was produced, shown in Figure 4. In the error-reduction algorithm, phase in the Fourier

domain was calculated by our three-phasor method on each iteration. Quantization was achieved by

converting phase into grey level using the phase modulation characteristics of the panel, and then

converting grey level back to phase. The 9:1 resolution ratio in the Fourier and object domains was

compensated by resampling in the object domain at the original resolution on each iteration.

Ilolograms were reconstructed at a wavelength of 633 nm. The calculated kinoform was written to

the liquid crystal panel as a PAL video signal generated by a video card in a personal computer, with

a maximum 256 grey levels. The kinoform was optically Fourier transformed and the resulting image

viewed on a CCD camera and shown in Figure 5. The polarizer and analyzer v/ere set at 20o and 75o

to the the front director of the liquid crystal panel, respectively, which produced a phase modulation

capability of l.br radians and an amplitude modulation of 20To. For a maximum phase modulation

of 2r/3 radians, 184 grey levels were used to quantize phase.

For comparison, both a Lee hologram of the same 64 X 64 input object and a binary kinoform of a

similar object with a resolution of 256 X 256 pixels were calculated. In both cases, the input object

was again multiplied by a random phase function to reduce the dynamic range of the hologram. The

same polarizet and analyzer orientations were used for the reconstruction of the binary kinoform. For

the Lee amplitude hologram, the polarizer and analyzer angles were adjusted to -80o and -5o, which

resulted in no phase modulation and an amplitude modulation of 83%. The reconstructions are shown

in Figure 6 and Figure 7. The use of a random phase array in synthesizing the holograms caused some

degradation in the reconstructions due to speckle.

The binary kinoform occupied almost twice the area of the other two holograms because of the

difference in space-bandwidth product. The resulting increase in light throughput was compensated

by replicating each hologram over the entire liquid crystal panel, ensuring that the same total input

power was used to reconstruct all three holograms.

A real and conjugate image was produced by all three methods but only the real image has been

shown here. This reduced the amount of available resolution or space bandwidth product, since the

object must be shifted from the optic axis to avoid overlap of the real and conjugate imagess. The

object could therefore occupy a maximum of only one-quarter of the available area as indicated by

Figure 3.

The binary kinoform (Figure 7) produced a bright image with some loss of high spatial frequencies

due to the use of only two quantization levels. Lee's method (Figure 6) reconstructed an image of

lower difraction efficiency than the phase holograms, because more light was diffracted into higher

orders (not shown). Our method produced an image with superior spatial resolution to a binary
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kinoform while using only 67To of the phase modulation capability, but was about half as bright.

4. Conclusion

A method for encoding Fourier phase holograms is presented which uses only 2rf3 radians of phase

and a large number of quantization levels. It has a lower diffraction efficiency than a binary kinoform,

but has better retention of high spatial frequencies and less noise due to quantization error, despite

the use of an input object with one-sixteenth of the resolution of the binary kinoform. Since many

commercial liquid crystal spatial light modulators suffer from limited phase modulation capability,

this is a useful technique for synthesizing phase holograms.
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Figure 1 : An angle { represented by three phasors in a Wessel-Argand diagram for 0 ( S < 2tr /3
Figure 2: The shaded area indicates the region of the complex plane which cannot be covered by the

two phasors exp(i()) and exp(izr), representing [0, r] and [n,2zr] respectively. For example, the vector

OC can only be resolved into 2 vectors OA and OB in the lower complex plane.

Figure 3: Input object of the letter "F"
Figure 4: Hologram synthesised using method of three phasors

Figure 5: Reconstruction of the hologram in Figure 4: real image

Figure 6: Reconstruction of a Lee hologram: real image

Figure 7: Reconstruction of a binary phase hologram: real image
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