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(ABSTRACT) 

 

A miniaturized spatial light modulator (SLM)-based structured-light illumination module with 

optical fiber input is designed to generate a coded 256 x 256 spots pattern for 3-D areal 

mapping applications. The projector uses the light from a He-Ne laser coupled to a 

polarization-maintaining (PM) fiber to illuminate a specially made hologram so that four 

virtual point sources are regenerated. The interference pattern of the four sources are filtered 

and modulated by an SLM. The output intensity can thus be encoded to form any arbitrary 

pattern through the electronic input applied to the SLM with a high speed. In this thesis, a 

complete optical diffraction analysis of the system is presented to provide guidelines for the 

optimal design of the system parameters. Through the theoretical analysis for square beam 

array generation, the important parameters for fabricating a hologram are given. The final 

system optical design and arrangement based on optical analysis are described. The detailed 

opto-mechanical construction of the LIM and the associated alignment, the computer 

simulation and the preliminary test results of the developed LIM are also provided.   
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CHAPTER 1.  Introduction 

 

1.1 Overview of Computer Vision  

 

The goal of a computer vision system is to create a model of the real world from its two-

dimensional images. As an interdisciplinary technology, computer vision is a technological 

combination of computer technology, semiconductor technology, electronic design, optics, 

automation, and information theories. Since images are two-dimensional projection of the 

three-dimensional world, a challenging task of computer vision is to recover the three-

dimensional information based on the knowledge about the objects in the scene and the 

projection geometry.  

 

Almost several decades of research and development on various computer vision systems 

have resulted in a dramatic improvement of the techniques used in computer vision. The 

applications of computer vision technologies have been extended to almost every major field 

of modern technologies including industry, agriculture, military, medical science, aerospace, 

and geographic studies. Based on the different information recovered and used, computer 

vision systems can generally be categorized into three major areas. These include three-

dimensional surface mapping for quality inspection purposes, image enhancement and 

analysis to extend the ability of human visions, and autonomous navigation for guiding 

vehicles and robotics.  

 

Three-dimensional surface mapping of an object is a very important research area of the 

computer vision technology. Through the quantitative measurement of the geometrical 

properties of objects, computer vision systems can be used for quality control of various 

products ranging from pizza to turbine blades, from submicron structures of wafers to auto-

body panels, and from apples to oranges [1]. Many techniques have been developed for a 

computer vision system to recover the three-dimensional geometric information from the real 

world. These include stereo imaging [2, 3], focus or blur estimation [4, 5], interferometry, 

Moiré technique [8, 9], structured-light and triangulation [6, 7].  

 



 2

Stereo imaging uses two cameras to view the same object from different angles. Three-

dimensional information of the object can thus be obtained by correlating the two images, 

similar to that a human being using the brain to coordinate his two eyes. Interferometry and 

Moiré techniques have also been commonly used in three-dimensional surface mapping. By 

extracting the phase information or the space frequency of the interference or Moiré fringes, 

the shape of the three-dimensional object can be mapped with a very high accuracy.  

 

Focus or blur estimation has also been used in computer vision systems to obtain the surface 

characteristics of an object. Due to the finite depth of field of the optical system, only objects 

that are at a proper distance from the camera appear focused in the image whereas those at 

other depths are blurred in proportion to their distance. Algorithms based on the convolution 

of estimated out-focus blur with the point spread function determined by the camera and the 

distance of the object from the camera can thus be used to recover the shape of the object.  

 

Structured light and triangulation maps a three-dimensional object by projecting a known 

optical pattern to the object surface. The light projector, camera and the object to be mapped 

form a triangular relation. After a calibration procedure, which determines the geometric 

properties of the triangle, the offset of the optical patterns viewed by the camera at the image 

plane can thus be used to retrieve the three-dimensional shape of the object.  

 

1.2 Structured Light Based 3D Mapping Technology 

 

Structured light illumination has been used for several decades to extract three-dimensional 

information from surface topology [10]. Most commercially available 3D vision systems 

employ the structured light method because it currently has a great potential for fast, accurate 

and inexpensive high-resolution 3D mapping. As shown in Figure 1.1, in a typical 3-D 

computer vision mapping system, the structured light projector, the CCD camera and the 

object forms a triangle. A computer is also necessary to process the image so that the three 

dimensional information can be retrieved. The system tracks the scene reflected from the 

object which is illuminated by a predetermined optical pattern. Through advanced image 

processing techniques, the three-dimensional surface topology can thus be determined by 
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measuring the corresponding lateral offset of the received image. Various light structures 

have been used for different applications. Among these, single line [11, 12], multiple parallel 

lines [13, 14], crosses [15] and 2-dimensional grids [16] are most commonly used.  

 

Using a single line to encode a surface has the advantages such as the avoidance of fringe 

ambiguity and a very high resolution in the measurement of surface height as well as lateral 

structures. However, in order to obtain the three-dimensional surface information, a single 

stripe must be scanned over an entire surface and processed at each location of the scan. This 

scanning process requires the implementation of a very accurate scanning mechanism. 

Moreover, the mapping can be a very slow process due to the limited speed of the available 

scanning devices, and also because multiple images have to be taken and processed at a 

certain interval of each scan.   

 

 

Figure 1.1 Configuration of a 3-D computer vision system for object mapping. 

 

The projection of multiple light stripes to the object’s surface eliminates the need for the 

scanning device. The simplest way to generate and project multiple lines is to use a laser, a 

grating and a cylindrical lens. The number of lines, spacing between lines, and the width and 

length of the individual lines can be precisely controlled. Because the entire surface can be 

Laser   
Projector   

Object   

CCD   
Camera   

Structured  
pattern    
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mapped by processing only a single image, the mapping speed can thus be improved 

dramatically, however, with the sacrifice of the lateral resolution.   

 

1.3 High Speed Structured Light Illumination  

 

Early advancements of structured light generation came with laser technologies, but the 

methodologies had commercial limitations due to digital processing and interface bottlenecks. 

During the 1990’s, both workstation and PC technology was significantly improved in 

performance. High-speed interface standards became common and low cost storage mediums 

grew to gigabyte proportions. At the same time, the digital signal processor (DSP) technology 

also emerged. These special purpose digital chips could perform digital filtering at billions of 

operations per second. The emerging spatial light modulator (SLM) technology [22] and the 

continuous advancement in computer/DSP technology [26] allow further unification with 

optical and digital pattern recognition methodologies. The performance of SLMs is at a level 

that is comparable, in term of information flow, to the high speed DSPs. It is this new SLM 

and computer/DSP technology base that allows structured light illumination, digital pattern 

recognition and optical pattern recognition to be implemented on the same architecture, 

simultaneously and at a very high speed [10].  

 

Today’s high speed, high-resolution SLMs represent a compact, reliable and improved 

method to project sophisticated patterns onto objects. Furthermore, SLMs provide a simple 

means of combining feedback between the reflected image and the projected pattern. The 

feedback capability lends itself to adaptive algorithms for achieving intelligent and high 

performance visual sensing. 

 

1.4 Motivation  

 

The 3D Areal Mapping system proposed by DCS Corporation is an areal profiler that 

originally conceived as an improvement over the Numerical Stereo Camera (NSCS) 

technology [17, 18]. It represents the logical extension of non-contact triangulation-based 

laser profiling technology from point scanning, line scanning to area profiles with no scanning 
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at all. Basic components include a light illumination module (LIM) for successively 

projecting variable laser patterns on the object of interest, a CCD camera for optical image 

recording, and a computer to interface the LIM with cameras and to perform data processing, 

as shown in Figure 1.2.  

 

Figure 1.2 3-D Areal Mapper. 

 

The 3D Areal Mapper is initially developed for the purposes of industrial turbine blade 

rework and medical patient positioning [19]. Turbine blade rework involves mapping 

previously cracked blades after annealing weldments have been applied, and subsequent 

reshaping by a highly accurate computer controlled milling machine. Since the process must 

be performed repeatedly on a high-speed assembly line, there are strict demands on the LIM 

in the areas of allowed mapping time, accuracy and output data format. Patient positing is a 

generic pre-treatment requirement, applying to many surgical applications including 

neurosurgery, sinus, spinal and knee surgery, and radiation surgery. Positioning of the patient 

in these treatments amounts to aligning the relevant coordinate system(s) of the critical 

volume in the patient to coordinate systems in the operating room. Small camera and LIM 

components will enhance marketability, as they must be mounted on existing equipment in an 

already crowded operating room. 
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1.4.1 Miniaturized Light Illumination Module 

 

Central to the DCS’s areal mapping technology is the spatial light modulator-based light 

illumination module, which generates and projects periodically structured light in an 

unfocused array of beamlets that are spatially encoded by the SLM. The LIM functions as a 

structured light source for the 3-D Areal Mapping system by generating an M × N (M and N 

are usually powers of 2, such as 64,128 or 256) beamlets pattern, and switches “on” or “off” 

the individual lines or dots of a Spatial Light Modulator (SLM) to form a temporal series of 

patterns. The first generation LIM [19], based on NSCS technology, generates a 128 × 128 

beamlets array using a lens to make a laser beam diverge, a four-facet prism to generate four 

virtual sources, and a microscope objective lens to produce a demagnified real image of the 

virtual sources. The beamlet array passes through a spatial light modulator (SLM) so that the 

individual beamlets can be identified. Because the laser beam is diverging, the prism 

introduces high optical aberrations. The prism-based LIM requires very stringent alignment, 

which in turn necessitates heavy and costly support structures. The first generation LIM was 

about five feet long, 25 kg weight and only 3% light efficiency. 

 

In order to reduce the size and complexity of the LIM, initial improvements in the LIM was 

achieved by replacement of glass optical components in the first generation LIM with the 

holographic optics. DCS Corporation developed the second-generation LIM prototype using 

their patented hologram techniques [20]. The prototype set up was about 18 inches high and 

occupied a 1' × 2' optical bench. This LIM prototype, generating 64 × 64 beamlets pattern, 

includes a He-Ne laser functioned as the light source and a hologram, a SLM, and output-

coupling lens. Compared to the very first generation of the LIM, the second-generation 

prototype has reduced its size dramatically, and the efficiency of light use was increased to 

30%. 

 

Since the LIM prototype has been set up successfully, the even stricter system requirements 

were presented by DCS Corporation. Driven by the target applications for the 3-D Areal 

Mapper product, industrial turbine blade rework and medical patient positioning, the LIM is 

requested to enable much smaller weight and volume, high light efficiency, high resolution 
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and minimum alignment time. Jointly sponsored by the DCS Corporation and the Virginia 

Center of Innovative Technologies, the Photonics Laboratory at Virginia Tech successfully 

developed a miniaturized third generation LIM to upgrade the current DCS 3D areal mapper 

products in their potential applications. The miniaturized LIM has a reduced size of 

6"×5"×3.8", which provides better portability and can be mounted on equipment that requires 

easy maneuverability such as in surgical instruments. The larger number of spots in the output 

pattern (256 × 256) result in the higher resolution of the surface profiling output and hence an 

improvement in the accuracy. The higher output power (1.5mW integrated over active area) 

results in a higher signal-to-noise ratio of the image captured by the camera. Moreover, the 

novel opto-mechanical design of the LIM allows a very simple alignment procedure and the 

complete optical diffraction analysis of the LIM system provides a general guidance for the 

optimal optical design of the system. The overall cost of implementing the LIM system has 

also been brought down to an acceptable level.  

 

1.5 Contributions of The Research and Outline of the Thesis 

 

This thesis presents the research work conducted at the Photonics Laboratory in the 

development of the miniaturized light illumination module to support DCS’s efforts in 

upgrading its 3-D Areal Mapper. The reported work is concentrated in the optical and opto-

mechanical design of the miniaturized LIM.  

 

The main contributions of this research are listed below:  

1) System configuration. The principle of the LIM system is described with the 

emphasis on the optical functions of the components.  

2) Optical design. The optical models for the key components of the LIM system are 

derived. Based on those optical models, the comprehensive diffraction analysis is 

presented. The results of the diffraction analysis provide a clear guideline to achieve 

the optimal performance of the LIM system.  

3) Hologram design. In order to achieve a 256 by 256 beamlets error free output pattern, 

the hologram must be fabricated to provide four virtual point sources with a strict 

requirement in their positions. A detailed source error analysis based on the 
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interference theory is performed to provide the tolerances for the hologram 

fabrication.  

4) Opto-mechanical design. According to designed optical layout, the opto-mechanical 

components of the LIM are designed using AutoCAD tool or chosen from venders.  

5) System implementation. Based on the system analysis, the optical design and 

arrangement of the LIM system is given to ensure the LIM satisfies the specifications. 

The functions and the aligning procedures of each part are described. 

6) System preliminary test and results.  

 

Chapter 1 of the thesis provides an introduction to the background of the structured light 

computer vision technology for 3D mapping; presents the motivation of developing the LIM 

and contributions to this research. Chapter 2 gives an overview of the LIM system in 3D 

Areal Mapper. The diffraction analysis for the LIM system is given in Chapter 3. Chapter 4 

describes the theory of 256x256 beamlets generation by an interference method; analyzes 

source separation requirements, spherical distortion, and source position errors effect. 

Corresponding computer simulation results are presented in this chapter. Chapter 5 gives the 

final system optical design and arrangement based on the previous analysis. The detailed 

mechanical construction of the LIM and the associated alignment plan are also included in 

Chapter 5. Chapter 6 presents the conclusions and the suggestions for future work. 
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CHAPTER 2.  LIM System Configuration  

 

2.1 System Configuration 

 

The schematic configuration of the LIM is shown in Figure 2.1. The system uses a He-Ne 

laser at a wavelength of 633nm as the optical source. The output light from the laser is 

coupled to a polarization maintaining (PM) fiber with its polarization matching that of the PM 

fiber. The use of the PM fiber provides a polarized point source input to the system and 

reduces the size of the system by separating the source from the main optical system. The 

light from the PM fiber illuminates a specially made hologram as the reference beam to 

regenerate the four virtual point sources that are located at the four corners of a square. 

Because the hologram records the phase information of those four coherent point sources, the 

reconstructed virtual sources will have a fixed phase relation that is independent to the 

environmental changes. The light waves from the four virtual point sources interfere with 

each other to generate a two-dimensional spots pattern. In cooperation with a polarizing beam 

splitter, a spatial light modulator (SLM) is then aligned to the inference pattern in such a way 

that the pixels of the SLM are matched to the spots of the pattern. Therefore, by controlling 

each pixel of the SLM, we can switch a single spot on and off electrically so that the output 

mesh pattern can be modulated spatially according to the arbitrary input electronic signal of 

the SLM. An output-coupling lens is also used in the system so that the size of the pattern can 

be controlled to cover the area of interest. As pointed out later by the results of optical 

diffraction analysis, the lens also functions as the key component to correct the spherical 

aberrations and to fulfill illumination with an infinite depth of filed.  

 

2.2 Optical Elements of the LIM 

 

As shown in Figure 2.1, the system mainly contains a laser source, a polarization maintaining 

optical fiber, a hologram, a polarizing beam splitter, a coherent spatial light modulator and an 

output coupling lens. The specifications and functions of those optical elements are listed 

below.  
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Figure 2.1   Schematic configuration of the light illumination module (LIM). 

 

2.2.1 Laser Source   

 

Lasers have revolutionized various fields of science and technology, and are being used in a 

wide range of applications in medicine, communications, measurement, and as a precise light 

source in many scientific investigations. Commercially available lasers can be categorized 

based on their characteristics, such as wavelength, power and output beam [28]. Lasers span 

the entire light spectrum from infrared to ultraviolet. The power output from a laser ranges 

from a milliwatt to millions of watts. As to output beam, the laser output may be a continuous 

wave, where the lasers emit light in a continuous ma nner; or it might be pulsed, where the 

lasers emit in short bursts.  

 

The light source for holography must have sufficient spatial and temporal coherence to allow 

the formation of an interference pattern over the desired volume of space (e.g., throughout the 

recording medium) and to keep this pattern stationary during the exposure time [27]. A laser 

source, being both monochromatic and coherent over a significant distance, is the ideal choice 

[25]. In general, the laser must have sufficient power at the required wavelength. The laser 

source used in the system is a high power He-Ne laser with an output power of 30 mW at the 
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wavelength of 633 nm. The use of the He-Ne laser also provides a very long coherence length, 

which is important to achieve a long distance operation and a wide mapping area.  

 

2.2.2 Polarization Maintaining Optical Fiber  

 

In order to reduce the size of the LIM system, the operation of the He-Ne laser is separated 

from the LIM via an optical fiber input. Because the system requires a polarized input light, a 

polarization maintaining (PM) fiber is used. The PM optical fiber purchased from the 

Newport Corporation is a “Bow-Tie” fiber optimized for the operation at 633nm and with a 

numerical aperture (NA) of 0.16. The beat-length of the PM fiber is less than 2mm, which can 

therefore provide a very good preservation of the input polarization.  

 

The coupling from the He-Ne laser to the PM fiber is achieved by a specially designed 

external coupling module provided by OZ Corporation in Canada. This compact laser-to-fiber 

coupling module has a typical power coupling efficiency higher than 60% through the use of a 

rotation tuning mechanism to match the polarization of the laser light and that of the PM fiber.  

 

2.2.3 Hologram 

 

Figure 2.2   Regeneration of four virtual point sources by using a hologram. 
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The 2-dimensional array of output spots can be produced by the interference of four coherent 

point sources located at the corner of a square. Since the phase and position among those four 

point sources must be kept unchanged to ensure a good long-term stability of the operation, a 

Holographic Structured Light Generator (HSLG) technology [20] is applied. A hologram is 

fabricated to record the phase relation of the four point sources, and later can be used to 

regenerate an image of four virtual point sources with a fixed phase relation by a single 

reference beam illumination, as shown in Figure 2.2. The light from the four point sources 

interferes as it propagates, forming an interference pattern in space. In the Chapter 4, we will 

give the key parameters and tolerances for fabricating the hologram via error analysis. 

 

 

2.2.4 Spatial Light Modulator (SLM) and Beam Splitter 

 

Spatial light modulators (SLMs) play an important role in many technical areas where the 

control of light on a pixel-by-pixel basis is desirable, such as optical data processing, adaptive 

optics, optical correlation, machine vision, image processing and analysis, beam steering, 

holographic data storage, and displays [27]. Several technologies have contributed to the 

development of SLMs. These include micro-electro-mechanical devices and pixelated electro-

optical devices. Encompassed within these categories are amplitude-only, phase-only, or 

amplitude-phase modulators. SLMs of all varieties continue to have a significant impact on 

the photonics community.  

Spatial Light Modulator (SLM) is a device that modulates the coherent light based on its 

control input. A typical spatial light modulator is a two-dimensional array of pixels made of 

electro-optical materials. By applying a voltage signal to the individual pixel, the properties of 

the input light can be changed after the interaction of the light with the pixel material. The 

SLM can be bought off-the-shelf to meet the specifications of the miniaturized LIM.  

 

After comparison, Displaytech’s Ferroelectric Liquid Crystal (FLC) SLM was chosen because 

of the specifications shown in Table 2.1. Displaytech's Spatial Light Modulator (SLM) [21] 
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allows a user to spatially encode information on a beam of coherent light. This reflective SLM 

modulates light with fast-switching Ferroelectric Liquid Crystal (FLC) material in direct 

contact with the upper surface of a conventional CMOS VLSI chip. The operation of FLC 

devices is based on the principle of birefringence. Birefringence is the phenomenon in which 

the phase velocity of an optical wave propagating in the crystal depends on the direction of its 

polarization [29]. Ferroelectric devices also perform nearly three orders of magnitude faster 

than liquid crystal displays and deliver a superior contrast ratio and a wider viewing angle 

than nematic-based liquid crystal displays. 

 

Table 2.1   The specification of Displaytech SLM 

Array size 256×256 Pixel pitch (µm) 15 

Active area (mm) 3.84×3.84 Gap width (µm) 1.0 

Efficiency 65% System mount 2″ optical mounting circuit board 

SLM full frame rate 

(kHz) 
3 Contrast ratio 100:1 (Zero order at 633 nm) 

 

 

As shown in Table 2.1, the SLM used in the system, provided by Displaytech Inc, has 256 × 

256 electronically addressable square pixels. When a control electrical voltage is applied, the 

pixel of the reflective SLM can reflect the input light and rotate its polarization by 90°. The 

SLM is usually used in combination with a polarizing beam splitter as shown in Figure 2.3. 

The input light is linearly polarized along x direction, which is aligned to the transmission 

polarization of the beam splitter so that all light is transmitted. The polarization of the 

reflected light from the SLM is modulated according to the voltage signal applied on the 

individual pixel.  
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Figure 2.3   Operating principle of the spatial light modulator. 

Figure 2.4   Structrue of the spatial light modulator (SLM). 

 

For those pixels that have been switched on, the corresponding reflected light will have a 

polarization rotated by 90° (now along y direction). Upon reaching the beam splitter, the 

portion of the light will be reflected to the observing plane. On the other hand, other pixels 

without voltage signals will reflect the light with the same polarization (along x direction). 
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This amount of light will transmit through the polarizing beam splitter and will not output to 

the observing plane. The output pattern at the observing plane thus carries the information that 

we input to the SLM chip, and the spatial modulation is achieved by changing the input 

signals to the SLM. As shown in Figure 2.4, the SLM consists of 256 × 256 pixels with the 

configuration of two-dimensional mesh. Each pixel is a 14 µm × 14 µm square. The wall 

separating the pixels has a thickness of 1µm.  

 

In short, the SLM acts as a pattern controller in the LIM to encode output patterns for areal 

mapping. For the triangular solution, the SLM is used to identify the beamlets with their 

origins, and thus to supply each beamlet’s triangulation baseline. A polarization-selective 

beamsplitter is integral to the SLM for operation at near-normal incidence. The SLM connects 

to the microcontroller via ribbon cables. The microcontroller takes commands from the 

controlling host computer and uploads display patterns to the SLM. 

 

Since the beamlet array will align with the SLM’s square array of 256 x 256 aperture, whose 

pitch is 15 µm, it is therefore necessary to analyze the optical system to obtain a solid basis 

for later system design and fabrication. The diffraction analysis of the miniaturized LIM is 

presented in Chapter 3. 

 

2.2.5 Output Lens 

 

An output-coupling lens may be described as an optical wavefront modifying device. An 

optical wavefront, propagating through such a device is reshaped upon exit in a way unique to 

the lens.  With the use of the output coupling lens, moreover, the size of the pattern can be 

controlled to cover the area of interest. As pointed out later by the results of optical diffraction 

analysis, the lens also functions as a key component to fulfill an infinite depth of illumination 

filed. The optimal design parameters will be achieved through the diffraction analysis. 
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CHAPTER 3.  System Diffraction Analysis 

 

3.1 The Principle of Diffraction Analysis [24] 

 

In almost all optical systems, some energy of light spreads outside the region predicted by 

rectilinear propagation. This effect, known as diffraction, is of fundamental and inescapable 

physical phenomenon. It is therefore very important to conduct a diffraction analysis prior to 

the engineering design of a delicate optical system. The physical phenomenon of diffraction can 

be intuitively described by the Huygen’s principle, which states that if each point on the 

wavefront of a light disturbance were considered to be a new source of a “secondary” spherical 

disturbance, then the wavefront at any later instant could be found by constructing the 

“envelope” of the secondary wavelets.  

 

Huygen’s principle nicely describes diffraction phenomena, but rigorous explanation demands a 

detailed study of the wave theory. However, the mathematics behind a rigorous explanation is 

rather complicated. In order to get relatively simple mathematic expression of the field 

distribution of the diffracted light pattern, some assumptions are necessary. Among those 

various approximations, Fresnel and Fraunhofer approximations are the traditionally used ones 

in dealing with typical optical systems. It is assumed commonly in these two approximations 

that the distance z between the aperture and observation plane is much larger than the 

maximum linear dimension of the aperture size. In addition, it is assumed that in the plane of 

observation only a finite region about the z-axis is of interest, and that the distance z is much 

larger than the maximum linear dimension of this region.  

 

The Fresnel approximation assumes that the distance r in the phase term can be adequately 

approximated by the first two terms (second order). In essence, this approximation is the 

replacement of the spherical Huygens’ wavelets by quadratic surfaces. Thereafter, the 

following formula can be used to describe the Fresnel diffraction 
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where  

U(xi, yi) is the field before diffraction,  

U(xo, yo) is the filed after diffraction, 

λ
π2

=k is the propagation constant, and λ is the wavelength of the light,  

z is the axial distance between the input plane and output plane.  

In general, most optical systems satisfy the requirement of Fresnel diffraction formula. 

Therefore this formula has been commonly used in many system analyses.  

 

Diffraction analysis can be further simplified if restrictions more stringent than those used in 

the Fresnel approximations are adopted. If we assume that the distance between the input plane 

and the observing plane is so large that it satisfies the following criterion 

2

)( max
22

ii yxk
z

+
>> ,                                                        (3-2) 

where (xi, yi) are the coordinates used to describe the input field,  then the quadratic phase 

factor can be approximated to be unity over the entire aperture. The diffracted field can thus be 

found as 
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),( 22 ++= ∫∫λ
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The above approximation is called Fraunhofer approximation and Equation (3-3) is the 

Fraunhofer diffraction formula.  

 

3.2 Overview of LIM System Diffraction Analysis 

 

In order to achieve high quality output spots pattern, a diffraction analysis is necessary to 

optimize the optical design of the laser projector. We will assume that the hologram is ideal 

and introduces no distortion in our system. We can start the analysis at four virtual point 

sources, and trace the Fresnel diffraction of the light transmitting through apertures such as the 

beam splitter, the SLM pixels and the lens. By examining the final output pattern, we can 

optimize the choice of the optical components and their geometrical positions. 

 



 18

The simplified optical configuration is shown in Figure 3.1, where the light waves, starting 

from the reconstructed 4 point sources, will pass the spatial light modulator and the lens, and 

finally interfere to generate the two-dimensional spots pattern. There are five planes of interest, 

including  

1) the source plane (α, β) where the reconstructed four-point sources locate, 

2) SLM plane (ξ, η),  

3) Lens plane (x′, y′),  

4) Source image plane (u, v) where the sources are imaged by the lens, and  

5) Observe plane (x, y). The optical analysis will be performed forward from one plane to 

the other directly based on the Fresnel diffraction formula.  

To simplify the analysis, we will trace the diffraction of a single point source and later 

coherently superpose the light waves from the four point sources to construct the final 

diffraction pattern.   

 

Source Plane SLM plane Lens Source Image plane Observe plane 

α 

  β                                            

z0 d 

z2 z3 z1 

η 

ξ u 

v 

x’ 

y’ 

x 

y 

z 

 

Figure 3.1   System optical layout for diffraction analysis. 
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3.3 Point Source Diffraction 

 

Assume that we have a point source located at the coordinate of (α,β) of the source plane. 

According to the Fresnel diffraction formula, we have the diffraction field distribution 

UBS(ξ,η) at SLM plane described by 
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where z0 is the distance between the source plane and the SLM plane, A is the amplitude of the 

source, and k is the propagation constant. 

If we define 
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then UBS(ξ,η) becomes 
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3.4 Pass the SLM and Diffract Towards the Lens 

We can model the SLM in combination with the beam splitter as an optical spatial filter in (ξ,η) 

plane with the filtering function given by [24]  
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where we assume that the efficiency of the SLM pixel is ρ, W=14µm is the width of the pixel 

and ν=15µm is the pitch of the pixel. The field right after passing the SLM is UAS(ξ,η) given by 
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where 
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From the SLM plane, the optical wave continues propagating towards the lens plane (x’, y’). 

Right before the wave passing the lens, we have the following field distribution 
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where d is the distance between the SLM plane and the lens plane.  

If we define  
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and substitute Equation (3-8) into Equation (3-10), we then have 
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3.5 Phase Transformation of the Lens 

 

To ease the optical analysis, we assume the lens is a thin lens and holds the paraxial 

approximation. If we further assume that the lens aperture is much larger than the numerical 

aperture (NA) of the incident beam, the filtering effect of the lens’s aperture can thus be 

neglected in the analysis. Therefore the phase transforming property of the lens can be modeled 

by the following function [24], 
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where f is the focal length of the lens. Noted that the constant phase delay of the phase transfer 

function is dropped because it dose not affect the results in any significant way.  

The light waves, starting from the reconstructed 4 point sources, will pass the spatial light 

modulator and the lens, and finally interfere to generate the two-dimensional spots pattern.  

 

The lens transfers the phase of the field according to the following equation 

)','(),()','( yxLUyxU BLAL ηξ= ,     (3-14) 

where L(x’, y’) is the phase transfer function given by Equation (3-13). 

 

3.6 Diffraction to the Source Image Plane 

 

From the lens, the wave continues traveling towards the source image plane. There, we get the 

field Ui(u,v) described as  
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where z2 is the distance between the lens plane and the source image plane.  

If we define  
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and substitute Equations (3-12) and (3-13) into Equation (3-15), we get the field distribution 

in the source image plane expressed as  
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where F{u, v} is a Fourier transform from (ξ, η) to (x’, y’) defined by  



 22

]})()[()
111

(2
2

exp{

'')]''(2exp[)]
''

(2exp[)]'')(
111

(
2

exp[},{

2

2

2

2

1

2

22

22

2

dz
v

dz
u

fzd
j

E

dydxy
z
v

x
z
u

j
d
y

d
x

jyx
fzd

jk
vuF

λ
η

λλ
ξ

λ
π

λ
λλ

πη
λ

ξ
λ

π

+++−+−=

+−+−+−+=

−

∫∫
 

(3-18) 

where  
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Define z1 the distance between the source plane and the lens plane, which can be calculated by  

dzz += 01       (3-20) 

From the lens image equation, we also have 
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Substitute Equations (3-18) to (3-20) into Equation (3-17), we have 
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3.7 Diffraction Towards the Observe Plane 

 

In our application, the distance between the source image plane to the observe plane (z3) is 

usually very large. It satisfies the following far field diffraction condition, given by 
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So we can use Fraunhofer approximation to model the diffraction from the source image plane 

to the observe plane. By doing that, we can write the field distribution in the observe plane as  
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where  
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is the quadratic phase term. If we set Q=1, the quadrature phase effects can thus be eliminated 

from Equation (3-22). By doing this, we have 
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Solving Equation (3-27) with help from Equations (3-20) and (3-21), we get d = f. This 

indicates that to achieve the best output pattern, we need to place SLM at the focal plane of 

the lens. Thereby, the field in the observe plane becomes  

∫∫ ∫∫ +−+−= dudvyvxu
z

jddvu
zz

z
jUABCDFyxUo )](

1
2exp[})](2exp[ ),({),(

320

1

λ
πηξηξ

λ
πηξ    

(3-28) 

There are two sets Fourier transforms included in the above equation. By applying the 

following duality property of Fourier transform 
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we can simplify Equation (3-28) to 
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where M is the magnification factor of the system defined as  
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3.8 System Output Pattern  

 

The four point sources reconstructed by the hologram are coherent. If they are located at the 

(a/2, a/2), (-a/2, a/2), (-a/2, -a/2) and (a/2, -a/2) in the source plane respectively, we can 

coherently superpose their diffraction filed as 
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(3-32) 

The optical intensity distribution in the observe plane can thus be written as 
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Equation (3-33) indicates that the output pattern includes two parts. One is the interference 

result of the optical waves from the four point sources. The other is the modulation function of 

the SLM. If we align the SLM so that the distance between the SLM and the sources satisfies 

the following relation 
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then, Equation (3-33) becomes 
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Each interference spot is now aligned to each pixel of the SLM. Therefore, each individual 

spot can be switched on and off by changing the voltage applied to the corresponding pixel on 

the SLM. In addition, from Equation (3-34), We can get  

az
λ
υ

=0       (3-36) 

 

3.9 Conclusion 

 

The analysis of the system based on the optical diffraction theories points out very important 

guidelines for the optimal design of the LIM system. As indicated in Equations (3-26) and (3-

27), the quadrature phase term can be eliminated if we place the SLM at the focal plane of the 

lens. Therefore, the spherical aberration resulted from the non-plane incident wave out of fiber 

endfaces can be eliminated from the final output pattern.  

 

Another design criterion that can be derived from the optical analysis is embodied in Equation 

(3-35). As indicated in the equation, by the proper design of the separation of the four virtual 

point sources (a) and the distance between the source plane and the SLM (z0), the interference 

spots will be aligned to the pixels of the SLM. The individual spot of the output pattern can 

thus be switched on or off by applying a proper voltage signal to the specific pixel of the SLM. 

Therefore, the output can be modulated to any pattern according to the input electronic signal 

to the SLM.  

 

The output light from an optical fiber has a fixed angle of illumination determined by the 

numerical aperture (NA) of the fiber. The interference pattern can only be generated in the 

overlap region of illumination from the four virtual fiber images recorded by the hologram. In 

order to allow a full modulation by the SLM, the overlap region of these four virtual sources 

must over the whole functional area of the SLM.  
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CHAPTER 4. Theoretical Analysis for Square Beam Array Generation 

 

The 2-dimensional beamlets can be produced by the interference of four coherent point 

sources located at the corner of a square. In order to ensure a good stability of the operation, a 

Holographic Structured Light Generator (HSLG) technology [20] is applied to reproduce the 

four coherent point sources so that the phase and position among those four point sources can 

be kept unchanged during the application. As pointed out by the diffraction analyses, the 

interference spots generated by the hologram must align precisely with the SLM aperture to 

obtain high quality controllable beamlets.  

 

The fabrication process of the hologram for use in the HSLG can be described as follows. A 

laser beam is divided into five beams coupled into five fibers respectively; the beams exiting 

the four fiber ends collectively comprise the object beams. The four fiber ends are positioned 

in a common plane and on the four corners of a square. The laser beam from the fifth fiber 

end is used as the reference illumination. The object and reference beams combine at 

holographic medium and produce interference pattern to be recorded in the hologram. The 

hologram will form four mutually coherent point source images upon illuminating by a 

reconstruction beam which coincides with the reference beam. Therefore, the hologram 

specification calls for source separations and positions that will impact hologram fabrication 

and SLM interface. Once the HSLG master is fabricated, it can be replicated at a low cost. In 

this chapter, we focus on the optimal design of the hologram parameters including the 

optimization of source separation, analysis of spherical distortion, non-square error, and out of 

plane error. Other HSLG constrains include light efficiency, uniformity, phase accuracy and 

alignment requirements.  

 

4.1 Spherical Distortion 

 

4.1.1 Analysis 

 

As shown in Figure 4.1, the four sources are located on the corners of a square in the source 

plane (ξ, η). The Cartesian coordinates of the four sources are (a/2, a/2), (-a/2, a/2), (-a/2, -
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a/2) and (a/2, -a/2). The coherent monochromatic waves from the four point sources located 

in the (ξ, η) plane will superpose to generate a two-dimensional interference pattern as they 

overlap in the (x, y) plane. The separation of the planes is z. The Interference pattern can be 

found through the following equation [23]:  
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where r1, r2, r3, r4 are distances from the four point sources to the point of observation, 

λ
π2

=k  is the propagation constant, λ is the wavelength, A is the amplitude of the electric 

field, and a is the separation between two adjacent corners of the square. 

 

 

Figure 4.1   The position relationship between the point sources and any interference point. 

 

In the Cartesian coordinate system, the distances can be calculated as: 
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For a relatively large distance (z >> (ξ, η, x, y)max), Equation (4-2) may be approximated to 

the binomial expansion  
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Thereafter, Equation (4-1) can be further simplified to be 
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The Equation (4-5) expresses the interference pattern from four perfectly aligned and phased 

sources including the spherical distortion. Using indices m and n to define the maxima, the 

locations of the intensity maxima are calculated as 
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where  
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The impact of the (x, y) dependence of r0mn is to shift the intensity maximum from the desired 

square array to the spherical pattern. To determine the impact of the spherical distortion, the 

locations of the intensity maxima are calculated. Solving Equations (4-6) and (4-7), we obtain 

the intensity maximum positions given by 
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As indicated by Equation (4-8), the separation between two adjacent beamlets is not constant 

across the entire observing plane. It is seen that the spots will form a square pattern only when 

the second term in the denominator of each radical is sufficiently small, i.e., if 
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This result is independent of the distance of operation. Take the desired square positions of 

the beamlets to be 
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Hence the desired separation between the adjacent beamlets is 
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Compared Equation (4-8) with Equation (4-10), we find the spot position error to be: 
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The beamlet position errors caused by the spherical distortion of the interference pattern could 

cause non-perfect alignment among the interference spots and the SLM pixels. In real 

applications, we let υ=∆=∆ 00 yx , which means that the central interference pattern is 

aligned to the SLM pixel. If we set the alignment tolerance to a quarter of the SLM pixel 

pitch, that is  
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where υ  is the pixel pitch of SLM.  

The maximal radial relative error ( maxEr ) can also be limited in 

4

1||||
2

0
2

0

max
2

max
2

max ≤
∆+∆
∆+∆

=
yx

yx
Er mnmn               (4-15) 

At the corner of the N × N pattern, the misalignment error reaches the maximum, given by 
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Solving Equation (4-16), we get the requirement for the source separation given by 

λ
2

3N
a ≥        (4-17) 

For 256×256 beamlets, λ = 0.633 µm, we get a ≥ 1.833 mm. The Table 4.1 lists the maximum 

position errors generated by different source separations. We find that a source spacing of a = 

2 mm is enough to ensure registration to 0.25 pixels over the entire SLM array. 

 

Table 4.1 Maximum position errors for different source separation 

Source separation a (mm) 1.0 1.8 2.0 

Max pos. error (pixel) 0.84 0.26 0.21 

 

 

4.1.2 Computer Simulation 

 

Based on the above discussion, the Mathematica software tool is used to simulate the 

interference pattern generation. Assuming that the source wavelength λ = 0.633 µm, the 

source separation a = 2 mm, and the distance between the source plane and the SLM plane z0 

= 47.373 mm calculated via Equation (3-36), the square interference pattern can be generated 

using Equation (4-5). On the SLM plane, the unit of axes defines in µm. Figure 4.2 shows 3-D 

surface plot of the radial relative position error of the interference spots with respect to the 

centers of the SLM pixels. As shown in Figure 4.2, the inherent spherical distortion of the 

interference beamlets results in the misalignments among the beamlets and the SLM pixels. 

The error reaches its maximum (almost a quarter of the pixel pitch) at the outer edges of the 

SLM pixels. Figure 4.3 shows the simulated central (a) and edge (b) portion of the output 
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beamlets, where we can see the central spots have almost no observable misalignments, 

however, the misalignment at the edge spots is quite observable.  

 

 

 

Figure 4.2   3-D plot of the spherical distortion of the interference pattern (a = 2 mm). 

 

 

(a)      (b) 

 

Figure 4.3  2-D contour plot of the output beamlets at the SLM plane (a = 2 mm). 

(a) Central nine spots;   (b) Edge nine spots. 
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4.2 Overlap of the Four Point Sources’ Illuminations 

 

The output light from an optical fiber has a fixed angle of illumination (θ), which is 

determined by the numerical aperture (NA) of the fiber according to the following equation 

)arcsin( NA=θ .       (4-18) 

 

Figure 4.4   The relationship between the point source position and illumination area. 

                                                                                

The interference pattern can only be generated in the overlap region of illumination from the 

four virtual fiber images recorded by the hologram. In order to allow full modulation of the 

interference beamlets by the SLM, the overlap region of these four virtual sources must be 

over the whole functional area of the SLM.  

 

As shown in Figure 4.4, the illuminating area of each point source in the observing plane (x, 

y) can be calculated as   
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Because the illuminating angle θ is relatively small, for example, θ = 0.11rad for typical 

single mode fibers, we can use the following approximation in our analysis. 

θθ ≈tan .       (4-19) 

 

The overlapping area A can thus be calculated as  
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Assuming az >> , the overlapping area can be further simplified as   

})(|),{( 222 θzyxyxA ≤+= .     (4-21) 

 

The overlap area of interference among those four point sources must cover the outermost 

pixels of the SLM. Therefore the following relation needs to be satisfied  

θzyx nm ≤+ 2

max0

2

max0 ,     (4-22) 

where x0m|max, and y0m|max are the spot positions at the edge of the N × N interference pattern, 

which can be calculated from Equation (4-10) by setting mmax = nmax =N/2. Thereafter, we 

have: 

00maxmax0 2
x

N
xmx m ∆=∆⋅= ,    (4-23) 

and 

00maxmax0 2
y

N
yny n ∆=∆⋅=  .    (4-24) 

 

Substitute Equations (4-11), (4-23) and (4-24) into (4-22), we get 

 
θ
λ

2

N
a ≥       (4-25) 

 

This gives us a minimum requirement for the source separation. For N = 256, λ = 0.633 µm, θ 

= 0.11 rad, source spacing must satisfy a ≥ 1.04mm in order to allow an enough overlap area 
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of illumination to cover the entire SLM pixels. By this analysis, we find that a source spacing 

of a = 2.0 mm is adequate to ensure a full coverage of the interference illumination on the 

SLM pixels. 

 

4.3 Phase Errors Analyses 

 

Achieving the desired square array of spots in the interference pattern requires that (1) the 

four source images must lie precisely on the corners of a square, (2) the normal to this square 

must be parallel to the source beam axes and (3) the four point sources must be coplanar. For 

hologram fabrication, the requirement is that these conditions be established and maintained 

over the time period necessary to expose the emulsions. In this section, and phase control 

requirements for hologram fabrication will be examined in detail. Phase errors include that the 

non-square position error and the non-coplanar error of four point sources. 

 

4.3.1 Out-of-Plane Induced Phase Error  

 

As shown in Figure 4.5, we consider the situation of one point source (s3) simply shifts a 

depth position error of ∆z, which introduces an initial phase error to the light wave of this 

particular source, given by 

∆ϕ = k ⋅ ∆z .                                                               (4-26) 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Out-of-Plane induced phase error. 
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Letting r0 = z in Equation (4-5) for simplicity, the shifted beamlets can be described as 
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Equation (4-27) indicates that the initial phase error introduced by the out of plane in the fiber 

position can result in the distortion of the interference pattern. Further examination of 

Equation (4-27) reveals that the phase error is periodic.  

 

If the depth position error of ∆z is a multiple of the wavelength, which means that the initial 

phase shift is a multiple of 2π, phase error introduced by one point source offset in depth will 

cause the entire interference pattern to shift and there will be no distortion to the interference 

pattern. This can be compensated by re-aligning the SLM to the interference pattern. 

Nevertheless, to ensure that the interference pattern can still cover the entire SLM pixels, we 

adopt as our criterion for depth positioning that the center of the interference pattern (i.e., the 

normal to the source plane) falls on the center of the SLM to within some of tolerance ∆l. 

Simple trigonometry then yields the condition: 

zlaz /∆⋅≤∆         (4-28) 

Substituting Equation (3-36) into (4-28), we get 

λ
υ

l
z

∆
≤∆                                                                    (4-29) 

For ∆l = 0.15 mm (corresponding to ten SLM pixels), υ = 15 µm, and λ = 0.633 µm, we find 

∆z ≤ 6.33 µm. So, the proper depth positioning within a few micrometers is sufficient to 

center the interference pattern relative to the center of the SLM. 

 

However, if the phase shift is an odd integer number of π, the distortion will reach the 

maximum. To obtain tolerance for source phase control, rewrite the equation (4-26) as 
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z
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, i is an integer part of 
λ
z∆

and ∆f is a fraction part of
λ
z∆

. 

 

Let f∆=′∆ πϕ 2 . If πϕ =′∆  or ∆f = 0.5, we know from Equation (4-27), the interference 

pattern is the worst. Phase control could be accomplished with source depth adjustment. We 

define the condition to control the source phase according to the computer simulation as 

rad 6.0
5

|| =≤′∆
π

ϕ .                                                      (4-31) 

With Equation (4-31) as our criterion, the source phase must be controlled to better than 0.6 

radians. Then, the resolution of the fiber position adjustment in the axial direction needs to 

satisfy 

mz µλ 06.0
10

1
|| =≤∆ .                                       (4-32) 

If the adjustment accuracy of the fiber axial position cannot satisfy the condition shown in 

Equation (4-32), the phase error will result in a beating pattern and system performance will 

be unacceptable. 

 

4.3.2 Computer Simulations of the Out-of-Plane Phase Error 

 

Based on Equation (4-27), we can simulate the out-of-plane phase errors. Figure 4.6 shows 

the simulation results, where (a) is simulated error for ∆ϕ′ = π (the worst case) and (b) is for 

∆ϕ′ = 0.2 π (the required case).  
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   (a)      (b) 

 

Figure 4.6 Computer simulation of the Out-of-plane phase error. 

(a) ∆ϕ′ = π; (b) ∆ϕ′ = 0.2π. 

 

4.3.3 Non-Square Source Positioning Induced Phase Error  

 

The interference pattern can suffer a distortion if the four point sources are not occupying the 

four corners of a square. Here, we assume that three point sources lie on the corners of a 

square and the fourth point source does not. For example, the coordinates of point source s4 in 

the source plane are offset by (∆x, ∆y) with respect to its desired position (a/2, -a/2) as shown 

in Figure 4.7.   

 

 

 

 

 

 

 

 

 

 

Figure 4.7   Non-square position geometry of the four point sources. 

s1 (a/2, a/2) (-a/2, a/2) s2 
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Again, to simplify the analysis, we let r0 = z in Equation (4-1). The distorted interference 

pattern is then 
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 (4-33) 

where the phase error ∆ϕ in the above description of the interference beamlets can be written 

as 

z
yyxx

k
∆⋅+∆⋅

−=∆ϕ .     (4-34) 

This phase error can introduce a distortion to the interference pattern similar to the distortion 

caused by the out of plane phase error as described in Section 4.3.1. They are both periodic in 

nature, and can be compensated by accurately adjusting the initial fiber positions. However, 

Equation (4-34) also indicates that the non-square fiber position induced distortion varies with 

the location of the pattern. The outer spots will have larger distortions than the central spots in 

general.  

 

4.3.4 Computer Simulations of the Non-Square Phase Error 

 

The computer simulation results, shown in Figure 4.8, are obtained based on Equations (4-33) 

and (4-34), where (a) is for ∆x = 3.0 µm and ∆y = 3.0 µm and (b) for ∆x = 2.0 µm and ∆y = 

2.0 µm. Our calculations and computer simulation show that |∆x| and |∆y| must be less than 

2.0 µm in order to get fuzzy free pattern.  
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(a)        (b)  

 

Figure 4.8 Simulation results of the non-square phase error. 

(a) ∆x = 3.0 µm and ∆y = 3.0 µm; (b) ∆x = 2.0 µm and ∆y = 2.0 µm. 

 

4.4 Requirements for Hologram Fabrication 

 

According to the analysis and the computer simulation results, we can conclude as following. 

(1) To obtain 256 x 256 beamlets, the source spacing must be larger than 1.0 mm. 

(2) To ensure the beamlets and SLM pixel mismatch no more than one-quarter pixel pitch, 

we can choose the source separation to be 2 mm. 

(3) For the non-coplanar shift of the point source, the proper depth positioning within a 

few micrometers is sufficient to center the interference pattern. With Equation (4-31) 

as our criterion, the source phase must be controlled to better than 0.6 radians. While 

phase control could be accomplished with source depth adjustment, the tolerance 

would be one tenth wavelength or 0.06 µm when λ = 0.633 µm. 

(4) The point source corner position tolerance is 2.0 µm. 

We know that the SLM pixel pitch υ is 15 µm, a = 2.0 mm, the distance between the source 

plane and the SLM is calculated to be z0 = 47.393 mm using Equation (3-36). 
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CHAPTER 5.  System Implementation and Test Results 

 

 

5.1 Optical Implementation 

 

The analysis of the system based on the optical diffraction theories establishes a guideline for 

the optimal design of the LIM system. As indicated in Equations (3-26) and (3-27), the 

quadrature phase term can be eliminated if we place the SLM at the focal plane of the lens. 

Another design criterion that can be derived from the optical analysis is embodied in Equation 

(3-33). As indicated in the equation, by the proper design of the separation of the four virtual 

point sources (a) and the distance between the source plane and the SLM (z0), the interference 

spots will be aligned to the pixels of the SLM. The individual spot of the output pattern can 

thus be switched on or off by applying a proper voltage signal to the specific pixel of the 

SLM. Therefore, the output can be modulated to any pattern according to the input electronic 

signal to the SLM.  

 

The output light from an optical fiber has a fixed angle of illumination, which is determined 

by the numerical aperture (NA) of the fiber. The interference pattern can only be generated in 

the overlapping region of the illumination. In order to allow a full modulation by the SLM, 

the overlapping region of these four virtual sources must cover the whole functional area of 

the SLM. In Chapter 4, the position and tolerance of four point sources for manufacturing the 

hologram are given. The remaining parameters in the design of the hologram are 1) the 

distance between the holographic medium and the point sources in the object beam, 2) the 

distance between the holographic medium and the reference beam, and 3) the orientation of 

the holographic medium with respect to the optical axis. The recording geometry will depend 

on the system layout and the distance between the source plane and the SLM (z0) since the 

reconstruction geometry is the same as the recording geometry.  

 

 

 

 



 41

5.1.1 Hologram Specifications 

 

Holograms may be classified in a number of ways depending on their thickness, method of 

recording and method of reconstruction. Based on method of recording, holograms fall into 

two basic categories [30]. They are the transmission hologram and the reflection holograms. 

If the reference beam and the beam bouncing off the object both hit the holographic plate 

from the same side, this makes a transmission hologram. If the reference beam hits the plate 

from one side, while the beam from the object hits the plate from the other side, the result is a 

reflection hologram. The advantages and disadvantages of a reflection hologram are: 

(1) No shrink problem, therefore less possibility of aberration when regenerating the 

image. 

(2) High efficiency (~ 90%). 

(3) Difficult to make. 

(4) Requirement for high quality record medium. 

The major advantage of a transmission hologram is that it is relatively easy to make. 

However, in general, transmission holograms have a low efficiency (around 40%).  

 

According to the prior calculations, the distance between the four point sources and the SLM 

(z0) is 47.393 mm if the source separation (a) is 2 mm. Allowing enough room for placing the 

input fiber connector, the transmission hologram is chosen. As for the angle between object 

and reference beams, 90° is preferable because of the optical simplicity. The size s of the 

intercepted area on the holographic medium is defined as 

α
θ

sin

tan2l
s = ,      (5-1) 

where l is the distance along the optical axis between the source plane and the holographic 

medium. The source plane is oriented perpendicular to the optical axis. θ is the half-angle of 

the diverging beam and α is the angle at which the holographic medium is placed relative to 

the optical axis.  
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Figure 5.1 Interception of the beams on the holographic medium. 

 

In our case, θ is 0.11 rad as determined by the NA of the optical fibers. α is chosen to be 45°. 

If the distance between the holographic medium and the plane of four point sources is set to 

be 22 mm, each point source will intercept the holographic medium to produce an area of 

illumination with the size of 9.67mm. Because the source separation is 2 mm, the total size of 

the intercepted area produced by all four sources on the holographic medium will be 11.67 

mm, as shown in Figure 5.1. The illumination area of the reference beam must cover that 

entire region to allow full recovery of the four point sources. We choose the distance between 

the reference source and the holographic medium to be 40 mm. The intercepted area produced 

by the reference beam on the holographic medium is thus calculated to be 12.45 mm. The 

hologram specifications are shown in Table 5.1. 
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Table 5.1   Hologram specifications 

Parameters Design Value 

Hologram type Transmission 

Efficiency 40% 

Exposure time Depending on the recording medium. 

General 2 – 3 seconds 

Size ≥ 13 mm 

Degree between object and reference beams 90° 

The distance between the reference source and 

hologram 

40 mm 

The distance between the object beam and hologram 22 mm 

Recording wavelength 633 nm 

Source position requirement Four point sources in the corner of the 

square with the side length of 2 mm 

Source position tolerance ≤ 2.0 µm 

Source out-of-plane phase control ≤ 0.6 rad 

Source depth adjustment tolerence ≤ 0.06 µm 

 

 

Holograms may suffer from aberrations caused by the mismatch in the reference and 

reconstruction beams. Even a small deviation from the recording geometry can present 

distortions to the reconstructed pattern. The condition that will eliminate all the aberrations 

simultaneously is to duplicate exactly the reference beam in the reconstruction process. 

Therefore, in the reconstruction process, the reconstruction wavelength, angle and position of 

reconstruction reference beam must be the same as those of recording reference beam. 
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5.1.2 Lens Specifications 

 

In general, aberration and diffraction are the two major issues that affect the performance of 

an optical system. If the aberration of an optical system is well corrected enough and its 

performance is solely limited by diffraction, it is then called diffraction limited. To choose the 

lens for our optical system, two major effects, lens aberrations effects and diffraction effects 

need to be considered. Diffraction increases with increasing f-number, and aberrations 

decrease with increasing f-number. Determining optimum system performance often includes 

finding a point where the combination of these factors has a minimum effect. Lens parameters 

for optimization include focal length (f), clear aperture (Φ), f-number (
Φ

=
f

f # ) and lens 

shape and construction. 

 

Focal length 

  

SLM is set to be at the focal point of the lens. The size of the SLM holder limits the focal 

length of the lens. Referring to the mechanical drawing shown in Appendix A.4, the size of 

the SLM holder is about 2 inches (51 mm), and the size of beam-splitter is 8 mm. If we 

choose the margin to be 5 mm to 10 mm for lens adjustment, the requirement for lens focal 

length can be set as 

mmmmhlf BSslm 5.39~5.34Margin
2

1

2

1
=++> .   (5-2) 

Based on the above discussion, we choose the lens with a focal length of 40mm. 

 

Lens clear aperture 

 

Lens clear aperture defines the area that controls the amount of light incident to an optical 

system. In general, the clear aperture of a lens gives the diameter over which specifications 

are guaranteed.  The size of SLM pixel is very small, which results in a large diffraction 

angle. This requires that the lens aperture is large enough to collect the higher order 
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diffraction light back to the source image plane. The diffracted field distribution across the 

lens surface can be expressed as 
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where υ is the SLM pixel pitch (15 µm), W is the pixel size of the SLM (14 µm), a is the 

source separation (2 mm), and λ is the wavelength of the source (0.633 µm). We can plot the 

simulation result based on Equation (5-3), as shown in Figure 5.2. From Figure 5.2, we can 

see that if the lens aperture (Φ) is larger than 18 mm, the third order of diffraction can be 

collected by the lens. 

 

 

 

Figure 5.2 The simulation result for the lens aperture. 

 

Lens shape  

 

In order to minimize the extra aberrations brought by the lens to the output pattern, we choose 

two-element achromatic lens, in which chromatic aberration has been corrected at a minimum 

of two wavelength, because single-let lens cannot satisfy the small aberration requirement and 

the large aperture (>18 mm) at the same time. 

 

 

 

-1
0

-5
5

10
15

-0
.20.
2

0.
4

0.
6

0.
81

18
m

m



 46

Taking all these into account, we designed the LIM system with the critical parameters listed 

in Table 5.2. The dimensions of the LIM system are also illustrated in Figure 5.3. 

 

Table 5.2   Critical design parameters of the LIM  

Parameters Design Value 

λ: Laser wavelength 633 nm 

a: Source separation 2 mm 

υ: Pitch of the SLM pixels 15 µm 

f: focal length of the lens 40 mm 

Φ: Clear aperture of the lens > 18 mm 

z0: Distance between source plan and SLM 47.393 mm 

d: Distance between SLM and lens 40 mm 

z1: Distance between source plane and lens d + z0 
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Figure 5.3   Optical layout of the LIM system. 

 

5.2 Construction of the LIM 

 

The Light-Illuminate-Modulator (LIM) is designed in a way such that the precise optical 

alignments are achievable through properly adjusting each opto-mechanical part inside the 

LIM. The main purpose is to align the light source, the hologram, the spatial-light-modulator 

(SLM) and the out coupling lens such that the 256 by 256 clear beamlets pattern can be 
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obtained. In this section, the opto-mechanical design of each part is described and the 

functions of each part are presented in detail. We also suggest a typical alignment procedure.   

 

We divide the whole LIM system into five modules according to their functions. As shown in 

Figure 5.3, the five modules are 

• Input source support and alignment 

• Hologram support and alignment 

• SLM support and alignment 

• Out-coupling lens support and alignment 

• LIM box 

Each module performs its function to support different optical parts and to achieve precise 

alignment of the whole optical system. By manipulating these five modules, we can obtain a 

nice 256 by 256 beamlets pattern. The following parts carry the full explanations of the 

functions and the aligning procedures of each part.  

 

5.2.1 Light Source Support and Alignment 

 

The light source used in the current LIM is a He-Ne laser with output power of 30mW at the 

wavelength of 633nm. The output beam of the laser is captured by a tiny lens pigtailed with a 

polarizing-maintaining (PM) fiber cable. There is an adjusting mechanism built at the 

interface between the laser output and the PM fiber cable. By carefully adjusting the 6 screws, 

efficient coupling can be achieved between the laser and the PM fiber. The typical output 

coupling efficiency is around 50% with the polarization ratio larger than 20dB. This part is 

purchased from OZ Inc. At the other end of the PM fiber cable, a FC type fiber connector is 

made with the output ends carefully polished. The output power from the end is measured to 

be about 17mW.  

 

The beam from the input fiber will be used as the reconstruction beam for the hologram to 

reproduce four coherent point sources. In order to obtain a correctly scaled, highly efficient, 

and fuzzy free 256 by 256 light spots pattern at the predicting direction, the input beam must 

duplicate the reference beam with a high accuracy. This requires that the input beam must 
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have the capability of fine adjustment with respect to the hologram. As shown in Appendix 

A.11, the PM fiber cable is mounted on a 5-dimensional fiber optic positioner (FPR2-C1) 

through a fiber chuck (FPH-CA) and an FC fiber connector. The fiber optic positioner and 

chuck are manufactured by Newport Corp.  

 

5.2.2 Hologram Support and Alignment 

 

The hologram, which generates the images of four point sources located in a common plane, 

is fabricated by Dr. Gordon Little at University of Dayton, Ohio. When a single laser beam is 

directed to the hologram, the light from the four point sources interferes as it propagates, 

forming a coherent array of beamlets. In order to obtain the desired squared dot array, it is 

necessary to make sure the position of the hologram matches the fabrication set-up.  Two 

degrees of adjustment are needed to achieve the objective above. One is rotating the hologram 

in its plane and the other is swinging it in its vertical plane. The implementation is described 

as following: 

1. The hologram is mounted on a CL-mount supported by a 20° rotary stage (Spindler & 

Hoyer Inc).  Their specifications are as following: 

                                20°° Rotary stage  

                                • ±10° angluar-adjustment range 

                                • 10″ angular resolution 

                                • φ 25 mm clear aperture 

                                • 40mm (long) x 14mm (wide) x 51mm (high) 

                                • 75mm long if the screw drive is included 

 

                                CL mount 

                                • includes threaded ring 

                                • for φ 18 mm hologram 

                                • φ 25mm x 10 mm (H) 
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2. The rotary support is then mounted on another 25mm rotation stage (OptoSigma). The 

specifications of the rotation stage are listed as follows: 

                   

                  25mm Rotation Stage   

                  • Coarse adjustment: 360°  

                  • Fine adjustment: ±5° 

                  • Sensitivity: 5 arcmin 

                  • Dimension: 25mm (L) x 41.5mm (W) x 13mm (H) 

 

5.2.3 SLM Support and Alignment 

 

The SLM used in the system is an off-the-shelf model produced by Displaytech Inc. It is a 

reflection-based, ferroelectric liquid crystal device that operates by rotating the polarization of 

the incoming light. The interference pattern produced by the hologram passes through a 8mm 

cubic polarizing beamsplitter (manufactured by Sprindler & Hoyer Inc.) and incidents onto 

the SLM pixels. The SLM pixels can modulate the polarization of the light according to the 

input electronic signals, which results in an encoded pattern when the reflected light passes 

though the beamsplitter again. The distance between the hologram and the SLM is around 

25mm. In order to fit the beamsplitter into this small space, we cement the beamsplitter 

directly to the SLM holder, as shown in the SLM holder design in Appendix A.4.  

 

As known from previous discussions, it is very important that the pixels of the SLM are 

adjusted to match the interference spots. To realize this, six-degree adjustment has to be used. 

Meanwhile, in order to simplify the structure of the LIM, the following method is used to 

implement the alignment of the SLM: 

1. The SLM holder unifies the SLM and the polarizing beamsplitter in a single housing. 

2. The SLM holder can be attached to a temporary external adjustment stage. By 

adjusting the external adjustment stage, the SLM 256 x 256 pixels can be aligned with 

the interference spots. 

3. An accessory called block-2 (Appendix A.3) is designed and manufactured for 

positioning the SLM holder to the base (Appendix A.1). The block-2 can be adjusted 
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to tilt up and down, and mounted on the base using six screws (three adjustment 

screws and three locking screws). 

4. After the exact alignment is made through the external alignment stage, adjust the 

block-2 to fit the bottom plane of the SLM holder and cement them. 

5. Remove the external adjustment stage from the SLM holder. 

 

5.2.4 Out-Coupling Lens Support and Alignment 

 

Depending on the size and distance of the object to be profiled, a suitable output-coupling 

lens can be selected for different applications. Here, we choose an achromatic lens with a 

focal length of 40mm. The lens is mounted in a C-mount lens housing (Appendix A.5) with 

the capability of adjusting the distance between the lens and the SLM.  The lens was bought 

off-the-shelf from Spindler & Hoyer Inc. By this design, there is provision for the lens to be 

moved back and forth until the SLM is positioned at the focal plane of the lens to obtain a 

clear pattern of beamlets as output. 

 

5.2.5 LIM Box 

 

The entire optical arrangement is placed inside a 6.0 (L) x 5.0 (W) x 3.8 (H) inch box, as 

shown in Appendix A.11. There is a slot in rear cover (Appendix A.10) to insert input PM 

fiber while the output is coupled through the coupling lens mounted on the front wall 

(Appendix A.8). The print circuit board that functions as the driver of the SLM is attached to 

the right wall (Appendix A.6) with four screws. There is a slot on the right wall for the cable 

connecting the driver to the SLM. The LIM box can be fixed to a tripod using one of the two 

¼-20 threads, one at center of the base (Appendix A.1), and the other on the center of the left 

wall (Appendix A.7). The box is painted in black to prevent multiple reflections. 

 

5.3 Preliminary Tests and Results 

 

We implemented an actual LIM system according to the design parameters listed in Table 5.2. 

The optical components are mounted in opto-mechanical stages which allow precise 
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alignments to satisfy the design requirements. The photograph of the implemented LIM is 

shown in Figure 5.4. The overall size of the LIM is about 6″×5″×3.8″.  

 

 

Input 
Fiber 

Hologram 

Beam-
Splitter 
and SLM 

Lens 

 

 

Figure 5.4 Photograph of the developed light illumination module. 

 

We tested the performance of the LIM by inputting striped patterns to the SLM. Figure 5.5 

shows the output patterns corresponding to the input signals of 1, 2, 8, 16 stripes respectively. 

Higher numbers of input stripes (32, 64, and 128) were also tested, and the results indicated 

that the system could output a specific pattern with a high resolution by modulating the SLM. 

However, due to the limited resolution of the image recording equipment available at the time 

when the experiments were performed, the recorded images of higher number of stripes didn’t 

produced well.  

 

We noticed that the edge of the output pattern had a lower contrast comparing to the central 

portion of the image. This was believed to be caused by the phase error among the reproduced 

four virtual point sources. When the hologram was made, the four fibers were not aligned 
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exactly to the same plane, which introduced the misalignment between the interference spots 

and the SLM’s pixels at the edge portion of the pattern. By employing more precise control of 

the fiber positions during the fabrication of the hologram, this phase error can be dramatically 

reduced.  

 

               

     (a)       (b) 

 

                      

(c)       (d)   

    

Figure 5.5   Output stripe patterns from the LIM. 

(a) Single stripe; (b) 2 stripes; (c) 8 stripes; and (d) 16 stripes. 
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CHAPTER 6.  Conclusions and Suggestions for Future Work  

 

 

6.1 Conclusions 

 

A miniaturized spatial light modulator-based light illumination module (LIM) has been 

developed to enable high-speed projection of any arbitrary patterns formed by two 

dimensional interference spots. The comprehensive optical diffraction analysis of the system 

indicates that the spherical aberrations caused by the non-plane wave inputs can be eliminated 

by placing the SLM at the focal plane of the lens. The analysis also confirms that the 

interference spots of the output pattern can be switched on or off individually by precisely 

aligning the interference pattern to the SLM pixels.  

 

Through the theoretical analysis for square beam array generation and corresponding 

computer simulation results, the important parameters for fabricating a hologram are given. 

Achieving high quality 256 × 256 beamlets interference pattern at the wavelength 633 nm 

requires that: (1) the four source images must lie precisely on the corners of a 2 × 2 mm 

square with a corner positioning accuracy less than 2.0 µm; (2) the normal to this square must 

be parallel to the source beam axes; (3) the phase of the four sources must be coplanar, with 

one tenth wavelength as our criterion, source phase control must be controlled to better than 

0.6 radians. 

  

Based on the theoretical analyses, the detailed optical and opto-mechanical designs of the 

LIM system were given. An actual LIM was successfully developed at the Photonics Lab of 

Virginia Tech. Stripe patterns of various resolutions were tested on the developed LIM. The 

preliminary tests confirmed optical analysis results. The specifications of the LIM supplied by 

Photonics Lab are listed in Table 6.1. 
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Table 6.1 LIM Specifications 

Feature Specification 

LIM size (not including laser) 6.0” (L) x 5.0” (W) x 3.8” (H) 

Beamlet output format 256 x 256 

Laser power at exit aperture 1.5 mW integrated over active area 

 

The main advantages of the LIM are its compact size and its lightweight. It is small enough to 

be mounted on a moving mechanism and can be used to profile objects of different size and at 

different distances. Since all the parts in the LIM are fixed and they do not need any future 

alignment, it saves time and can be used in applications requiring a short setup time. The 

structured light output from the LIM has infinite depth of focus and can be used to cover a 

wide area of the object with its 256 x 256 laser spot output.  

 

6.2 Suggestions for Future Work 

 

The key features for the commercial use of the LIM system are pattern quality, the size, and 

output power. Good pattern quality depends on the quality of the four image point sources, 

and precise alignment between the interference spots generated by the four image point 

sources with respect to the SLM pixels. The critical factor that influences the quality of the 

four image point sources is the exact reconstruction of the reference light. If the fabrication of 

a hologram is carried out in the process of the installation and alignment of the LIM, better 

patterns can be obtained with higher output power. Moreover, using a high power laser source 

is one of the solutions to improve the power output from the LIM.   

 

During the design and development of the LIM system, we found that the spatial light 

modulator is the limiting effect to further reduce the size of the LIM. The reflective SLM is 

based on the polarization modulation. To separate the input beam from the output beam, a 

polarizing beamsplitter is necessary. This inevitably increases the complexity and the size of 

the system. It is expected that the further advancement in SLM technology can bring 

integrated transmission based SLM with high efficiency to the market.  
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APPENDIX 

 

Opto-mechanical Drawings are included. 
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A.1 Base  
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A.2 Block-1 
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A.3 Block-2 
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A.4 SLM Holder 
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A.5 C–Mount Lens Housing 
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A.6 Right Wall 
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A.7 Left Wall 
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A.8 Front Wall 
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A.9 Top Cover 

 

 

A.10 Rear Cover 
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A.11 LIM 
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