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ABSTRACT 

     This dissertation investigates design, modeling and testing methods of optical 

surfaces in illumination optics. 

     The main focus of this dissertation is to investigate the faceted non-imaging 

specular light reflector that is often used to generate a uniform, incoherent illuminance 

distribution. General design methodologies of faceted light reflectors are overviewed. 

Several design examples of faceted light reflectors including a novel LED flashlight, a 

novel microscope illuminator and a 20-m segmented paraboloidal solar collector are 

discussed and analyzed.  

     An accurate source model is important for illumination system design. In this 

dissertation, an analytic short-arc source modeling method is developed and integrated in 

the illumination design software ZEMAX.  

     In addition to the design and modeling work, this dissertation explores a 

flexible, low-cost and robust Software Configurable Optical Test System (SCOTS) for 

testing specular free-form surfaces that are often used in illumination systems. The 

application of this testing system in measuring a 3-m segmented paraboloidal solar 

reflector is investigated. Preliminary SCOTS test results for an F/0.2 concave automotive 

headlight reflector are introduced. In addition to testing the surfaces of illumination 

optics using SCOTS, the applications of SCOTS in the measurement of large, high 

precision optics are also explored and briefly discussed. 
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CHAPTER 1   

INTRODUCTION 

 

The purpose of this dissertation is to investigate and explore new design, 

modeling and surface testing methods for illumination optics in the burgeoning field of 

illumination engineering. The main illumination optics investigated in this dissertation 

are faceted light collectors/reflectors, which are often used to generate a uniform, 

incoherent illuminance distribution.   

The introduction chapter is divided into three sections. The first section provides a 

background of illumination engineering. The development of illumination engineering, 

illumination design process and design challenges are briefly overviewed and discussed. 

The second section gives a literature review of smooth and faceted reflector designs and 

free-form surface measurement methods. The third section introduces the organization of 

this dissertation. 

 

1.1 ILLUMINATION ENGINEERING BACKGOUND 

1.1.1 OVERVIEW OF ILLUMINATION ENGINEERING  

The booming development of illumination engineering is the motivation of this 

dissertation work. In brief, illumination engineering, is the design and construction of 
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illumination systems that convert light emitted by a light source into some desired target 

distribution pattern to achieve certain practical or aesthetic effects. Light source used in 

illumination system includes both artificial sources such as electic lamps and natural 

illumination of interiors from sunlight. The field of illumination engineering is broad and 

diverse. Basically, illumination systems can be divided into two categories. The first 

category is the illumination for imaging systems, and typical examples are Köhler or 

Abbe illumination system. The second is the illumination for nonimaging systems, 

including solar concentrators, backlit displays, automotive headlights, architectural 

luminaries and so on [1]. The current hot topics in illumination engineering are mostly 

related to non-imaging optics, therefore, illumination optics is also commonly referred as 

non-imaging optics.  

The illumination optics field has been with us for a long time. Our early ancestors 

knew how to create and control light in all aspects of their lives. For instance, 

“Lighthouse of Alexandria”, which was constructed between 285 and 247 B.C., was 

135 m tall and is now well known as one of the “Seven Wonders of the Ancient World” 

[2]. In 1879, a famous milestone of lighting was established when Thomas Edison 

invented the first electric (incandescent) lamp, making illumination much more efficient 

and expanding the development of illumination engineering. However as a distinct field 

of engineering, illumination optics has only flourished in the past four decades, with the 

exception of the light source development [3]. Nowadays, illumination industry is one of 

the largest in the optics industry. Consequently, illumination engineering is currently 
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attracting more and more attention in academic fields, and is emerging as one of the 

primary research areas in optical engineering [3].  

1.1.2  OVERVIEW OF ILLUMINATION DESIGN PROCESS 

An illumination system is constructed from three key components: the light 

source, the transfer optical system such as reflectors, lightpipes, lenses etc., and the 

desired target distribution. The typical prescribed target distributions can be 

irradiance/illuminance (spatial distribution), radiant/luminous intensity (angular 

distribution), or the radiance/luminance (spatial-angular distribution) [4]. Here 

irradiance/illuminance, E, is the flux per unit area striking a surface. The intensity, I, is 

the flux per unit solid angle. And the radiance, L, is the flux per unit solid angle per unit 

projected area. For a detailed and clear explanation of illumination terms, please refer to 

for example, the Illumination Fundamentals published by Lighting Research Center [5]. 

Usually, a complete illumination design process contains the steps of design, 

tolerancing and testing. That means: first we design an initial illumination system through 

software modeling; later on, we tolerance the system according to the manufacture ability; 

and finally we fabricate and test the illumination optics to ensure the system works as 

expected in the design. To achieve the optimum design, many other factors, except the 

prescribed target distributions, such as spectral characteristics, production cost, size, 

appearance, and government regulations also need to be considered and balanced [4]. 

It is worthwhile to point out that the most fundamental property of an illumination 

system is the Étendue (the area-solid-angle-product) limit: Étendue is conserved in a 

lossless optical system. The Étendue limit means that the area and solid angle are traded 
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off during the illumination design. Furthermore, the radiance of an object is also invariant 

in a lossless optical system, thus for a source of given radiance the maximum flux that 

can be transmitted through a given optical system is predertermined due to the Étendue 

conservation [1]. 

As we can see from the above discussions, illumination design is quite demanding 

and difficult. The challenges not only come from the many design factors that need to be 

considered, but also originate from the software modeling and device manufacturability. 

Thus it requires substantial training to become a good illumination designer. 

 

1.2 LIGHT REFLECTOR BACKGROUND 

The light collector/reflector is a type of widely used optical transfer component in 

illumination systems. Reflective surfaces are now found in many illumination systems, 

such as room lighting, street lighting, store decorations, projector systems, automotive 

headlights, solar concentrators, lithography systems, medical systems and so on. Thus, a 

common task in illumination design is to use reflectors/ light collectors to catch the flux 

from a light source and redirect it to create a prescribed illuminance/intensity distribution. 

For the illuminance case, the goal is to provide the spatial distribution across a target such 

as a plane, while for the intensity case, the goal is to achieve a desired far-field angular 

distribution. 
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1.2.1 OVERVIEW OF SMOOTH AND FACETED REFLECTORS DESIGNS 

Historically, conic light reflectors have been used to collect light emitted by the 

sun, candles or gas lamps. For instance, around 1100 B.C., Olmec people who lived in 

today’s Mexican region knew how to fabricate parabolic and spherical mirrors from 

obsidian to make fire [6]. However, the theoretical research of reflector design has just 

emerged relatively recently. It is widely acknowledged by nowadays illumination 

designers that three important books: The Optical Design of Reflectors [7] written by W. 

B. Elmer in 1974, High Collection Non-imaging Optics [8] written by W. T. Welford and 

R. Winston in 1989, and Nonimaging Optics [9] written by Roland Winston et. al. in 

2005 have laid the foundation of the design theories of the light reflector/collector. 

Among them, the book written by Elmer is mainly focused on designs of reflectors to 

generate specific illuminance/intensity distributions. The other two books are more 

concerned with designs of light collectors for maximizing the flux transfer, especially the 

designs of solar concentrators. Besides the optical design theory, the design issues of 

light reflector/collector are also discussed in those books. As Elmer concluded in his 

book, generally five aspects govern the optical design of a light reflector: 1) The thermal 

and spectral nature of the light source used; 2) The spatial configuration and intensity 

distribution of the light source and its envelope; 3) The character of the reflecting surface 

used. 4) The location of the light source relative to the reflector. 5) The relative nature 

and configuration of the lighting task [7].  

Generally, in many systems with reflectors, a uniform illuminance/intensity 

distribution with maximized flux transfer efficiency is desired [10]. As Davenport 
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mentioned in his dissertation [11], uniform distributions in reflective illumination 

systems are generally realized by applying one of two basic approaches: “tailoring” or 

“superposition”, or a combination of both. The following two sub-sections provide a 

historic review of these two design methods and outline their corresponding 

characteristics.   

 

1.2.1.1 REFLECTOR DESIGN METHOD I – TAILORING DESIGN 

The first approach for designing reflector surfaces for uniform illumination is 

called “ tailoring ”. Simply said, “tailoring” is the process of uniquely mapping each 

portion of source flux to the desired target distribution by precisely designing the shape 

of a smooth free-form reflector [11]. The process is often described as a “one-to-one” 

mapping problem, since, usually one position on the target is illuminated by light emitted 

from only one source angle. In the case of tailoring, the reflector shape is generally 

constructed by solving a set of nonlinear integral or differential equations [7] [12]. 

Sometimes this type of differential equations can be solved analytically, but more often, 

need to be solved numerically. 

A number of people have investigated the tailoring design of free-form reflectors. 

For instance, Elmer proposed a now-famous "Elmer Equation" [13] as shown in Eq. (1.1) 

to provide an analytical solution to one of the simplest tailoring problems, i.e. to get 

uniform system intensity over some angular range for an isotropic source. 
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where α is the angle describing a point on the reflector w.r.t. optical axis, β is the angle 

defining a portion of the system intensity on the target w.r.t. optical axis, r is the distance 

from the point source to the point on the reflector, and f is r when α = 0. Lerner, in his 

dissertation [14], solves a classic case of this type of 2D reflector system that maps the 

isotropic, 306̊ intensity of a point source into a uniform, 90̊ distribution of intensity on 

target. In this case, 
3

   for any α, and then Eq.1.1 can be integrated to get Eq. 1.2 

which will be used to generate the 2D reflector. 

                              
)3/(cos3 

f
r                                                                  (1.2) 

Usually, the source is often assumed to be a point or a line for designing reflectors with 

rotational or translational symmetry, which will reduce the system to a 2D problem, thus 

greatly simplifying the calculations. Other references investigating the tailored reflector 

designs for point and line sources include references [15] through [19]. For the case of 

2D extended sources, some methods referred as “tailored edge-ray designs” have been 

developed, where the edge ray is defined as the tangent ray of an extended source. The 

relevant references are [20] through [24]. In contrast, some researchers have also 

investigated the non edge-ray designs for reflectors. See, for example, Koshel’s paper in 

2004 [25]. Design complexity increases greatly for a general problem that doesn’t contain 

rotational symmetry. For this case, usually there are no analytical solutions, and even 

standard numerical solutions can fail to converge [26]. Ries and Muschawech proposed a 

new formulation of the problem for tailoring a free-form surface that maps a small source 



 
 

22

to a highly sophisticated illuminance distribution [27]. However, they didn’t detail the 

actual numerical solution in their paper.  

The above paragraph gives a historical review of tailoring design. As mentioned 

in literature, there are some limitations for the tailoring method. The main one is that it 

does not work for 3D extended sources and furthermore, source characteristics and 

source location must also be well identified [11].  

 

1.2.1.2 REFLECTOR DESIGN METHOD II- SUPERPOSITION DESIGN 

The second method to generate uniform illumination by designing reflector 

surfaces is called “superposition”. (Elmer has referred this case as "multiphase" reflectors 

in his book [7].)  For superposition, the whole reflector surface is broken into multiple 

segments/ facets, which are often discontinuous at least in 1st derivative (the surface 

slope) w.r.t. each other [11]. Each facet illuminates the whole target or reduced areas of 

the target distribution (i.e., some level of “one-to-one” mapping). The total illumination 

distribution is the “superposition” of the illumination from each facet. Thus the 

illumination uniformity is improved since the superposition of illumination compensates 

for the imperfections in the source and the reflector. Such a mapping mechanism is 

inherently a “many-to-one” mapping.  

Figure 1.1 gives a design example of flashlight with a paraboloidal reflector and a 

faceted reflector for an extended halogen light source in LIGHTTOOLS [28]. (The faceted 

reflector which contains several zones of planar facets is generated using “Faceted 

Reflector Utility” in LIGHTTOOLS.) This figure demonstrates the functionality of faceted 
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reflector in improving the illuminance uniformity. As shown in Figure 1.1 (a), if we use a 

smooth parabolic reflector, there is a “dip” in the illumination pattern. The loss of light at 

the central part is due to the hole drilled at the center of the reflector and also the light 

source geometry. If we take advantage of faceted reflector, the dip structure in the target 

plane disappears and uniformity of the illumination pattern is improved as illustrated in 

Figure 1.1 (b).  

 

 

(a) 
 

 

 

 

 

 
(b) 

  
Figure 1.1 LIGHTTOOLS design example of a flashlight with (a) a paraboloidal reflector 
and (b) a planar-faceted reflector. 
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Faceted reflectors are extensively employed for providing uniform illumination in 

many commercial lighting products, for example, automobile headlight reflector [29], 

newer flashlights and store display lighting [30-33], and the faceted reflector used in 

overhead projectors [34]. Interestingly, though faceted reflector systems can be found in 

some patents and a bulk of real illumination systems, comparatively few papers on the 

design of faceted reflector for the use of lighting purposes has been published.  David et 

al. discussed the use of software to design and analyze tangentially and radially faceted 

extruded reflectors [35]. Cassarly provided a segmentation algorithm for defining the 

location, orientation, and size of facets for planar-faceted reflectors [36]. This 

segmentation algorithm can be used with extended sources by aiming a ray from one 

edge of the source to one edge of the target and extending the facet until the other edge of 

the source is aimed at the opposite edge of the target. Davenport discussed creating a 

uniform circular illumination pattern using non-uniform rational B-spline (NURBS) 

faceted surfaces [37]. These literatures mainly focus on the case of rotationally 

symmetric illumination. In a number of design schemes, non-rotationally symmetric 

illumination is desired. For example, faceted reflectors are frequently used in automotive 

headlights to realize specified illumination patterns [29, 38]. However, designing faceted 

reflectors for nonrotationally symmetric uniform distributions can be quite challenging. 

Oliker has shown that an approximate solution to the nonrotationally symmetric uniform 

distributions can be obtained by decomposing the freeform reflective surface into a finite 

ensemble of paraboloids [12]. Fournier proposed a fast freeform reflector design method 

based on the mapping of equi-flux grids between a point source and a target using the 
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Oliker iterative algorithm [26]. Michaelis et al. developed a methodology using an 

ensemble of paraboloids/ellipsoids to realize arbitrary target light distribution also based 

on Oliker’s formalism [39]. In Michaelis’s design, by changing the focal distance of the 

paraboloids/ellipsoids, the visible areas of the paraboloids/ellipsoids sections vary and 

thus power redistribution occurs.  

From a designer’s point of view, in order to design a faceted reflector for a non-

rotationally symmetric pattern, there are different design methods that vary by their 

design degrees of freedom. In the third chapter of this dissertation, we present two new 

straightforward methods of designing curved-faceted reflector for generating uniform 

square/rectangular illumination patterns by using a superposition approach. We will also 

show that optimization of surface variables is a powerful technique for creating certain 

illuminance distributions from a real extended 3D source, for instance, an LED lamp.  

Compared with the tailored reflective system, a faceted reflector designed with 

the superposition approach allows a uniform distribution to be created with a more 

general extended source and also has more source placement tolerance, giving the faceted 

systems increased manufacturability [11]. (The main drawback is that transfer flux is 

generally somewhat sacrificed for the sake of uniformity.) Thus, to obtain uniform 

distributions, faceted reflectors are commonly used over the free-form reflector designed 

by the tailoring method [10].  

 



 
 

26

1.2.2 OVERVIEW OF FREE-FORM SURFACE TESTING METHODS 

As mentioned in Section 1.1.2, tolerancing and testing are critical steps after the 

initial illumination design. The measurement of three-dimensional shapes is very 

important for the illumination industry because of actual optical surface deformation 

errors. These errors originate from the fabrication process (especially in the process of 

injection molding) and lead to nonconformance with the design model [41]. 

There is not a single method for surface measurement of free-form optics, 

especially nonimaging optics. Depending on the requirements for shape, size and 

precision of surfaces to be tested, there are numerous methods available for the three-

dimensional shape measurement. Basically the testing methods can be divided into two 

categories: contact and non-contact methods.  One example of the contact method is to 

use a computer-controlled stylus, akin to using a spherometer, to determine the curvature 

of an optical surface. During the measurement, the stylus is moved across the surface and 

the depth can be determined [42].  This contact method is usually very reliable, and is not 

affected by disturbing stray light or reflections within the optics under test. However, in 

most cases, contact methods are slower, have less resolution since their resolutions are 

limited by the size of stylus. Furthermore, the stylus can ruin the test surface. For the 

non-contact methods, optical metrology is used most frequently. Basically, the optical 

methods for the three-dimensional shape measurement are based on the following 

phenomena [40]: 1) interferometry such as computer generated holograms (CGH), 

Twyman-Green, Fizeau-type or shearing interferometer etc.; 2) geometric-optical 

phenomena such as knife-edge test, Rochi-test, Hartman-test etc.; 3) coherence 
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phenomena such as confocal microscopy and white light interferometer; and 4) structured 

light illumination such as laser-spot scanning, multi-spot projection, moiré, and fringe 

projection method etc.  

Among those various optical methods, the structured light illuminations have the 

advantages of low-cost, faster testing speed and larger field of view. The structured light 

illumination methods are usually based on triangulation principle. For instance, the laser 

scanning method [43] (also called point laser triangulation) scans a laser over the optic 

surface, finding where it reflects off the specular surface or where the detector images the 

beam hitting the diffuse surface and then triangulate with detectors.  From the scan, the 

surface figure can be rebuilt and some ray tracing can be performed to evaluate the effect 

of surface deformation. The typical measurement depth is ±5 to ± 250mm, and accuracy 

is about 1 part in 10,000 [44]. However, scanning the laser, point by point, is still 

relatively slow. Recently, fringe projection techniques [45] and fringe reflection 

techniques [46] or so called phase measuring deflectometry (PMD) [47], which are also 

based on triangulation principles, have been investigated for fast measurement of free-

form optics. Fringe projection, which is commonly used for the measurements of non-

specular objects, uses images of fringes projected onto the object under test. The 

topography of the test object is directly measured by this test. The literature shows it is 

possible to reach a height resolution of about 1 part in 10,000 [46]. Fringe reflection or 

PMD is used for measuring specular surfaces. Fringe patterns generated by a spatial light 

modulator (SLM) such as a LCD, DMD or OLED display illuminate the object under test 
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and the reflected light is collected by a camera.  Measurement sensitivity of nanometers 

can be achieved [46]. 

As discussed in Chapter 7, a Software Configurable Optical Test System (SCOTS) 

[48] has been developed to rapidly, robustly and quantitatively measure almost any 

complex 3D specular free-form surface. SCOTS uses the same basic test geometry as the 

fringe reflection technique or phase measuring deflectometry (PMD) [47]. We explain the 

test system as a Hartmann test [49] in reverse. In addition to using the traditional phase 

shifting [50] data reduction methods in PMD, we explore solving the slope data 

calculation and the slope unwrapping in the test with a centroiding method and a line 

scanning method [48], which expand the test to work in more general situations where 

fringe illumination is not practical. 

Usually the quality requirements of illumination optics are relatively relaxed 

(typical accuracies in the order of 1 µm) compared with precision optics, while the cost 

restrictions are extremely high [40]. Low cost and rapid measuring of relatively low 

accuracy large-scale solar concentrators [51], which are being developed at a rapid pace 

for solar electricity generation, was the initial need that led to develop SCOTS. In 

addition to testing the large segmented solar reflectors, we also started to use SCOTS to 

test a concave faceted automotive headlight reflector and a convex fast aspheric mirror 

[52]. The experimental results show that SCOTS can directly and rapidly measure 

complex, free-form surfaces such as are often used in illumination systems without a 

complex calibration. Besides testing the illumination optics using SCOTS, the 
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applications of SCOTS in the measurement of large, high precision optics are also 

explored and briefly discussed in this dissertation.  

 

1.3 OUTLINE OF THIS DISSERTATION 

This dissertation is organized into eight chapters. Chapter 1, the introduction, 

provides a background of illumination engineering, an overview of design and testing 

methods for free-form light reflectors and presents the scope of this dissertation. Chapter 

2 studies the geometric issues of the faceted light collectors. Chapter 3 presents the 

optical implications of faceted light collector based on an LED flashlight case. Chapters 

4-5 present two design examples of faceted light collectors: a novel microscope 

illuminator and a 20-m segmented solar collector. Chapter 6 explores a new source 

modeling method. Chapter 7 elaborates the SCOTS for testing specular free-form 

surfaces of illumination optics. In Chapter 8, the dissertation concludes with a summary 

and a prospect for possible future work.    
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CHAPTER 2 

GEOMETRIC ISSUES OF FACETED LIGHT COLLECTORS 

 

This chapter discusses the geometric properties of a faceted light collector, which 

is a type of free-form reflector. As mentioned in Chapter 1, the base surface of a faceted 

reflector is broken into many small surfaces, which are called segments or facets. Several 

surface types can be used in constructing the facets, so a mathematical overview of these 

different facet surface types is given in Section 2.1. Section 2.2 discusses the modeling 

methods of faceted reflectors in several commercially-available illumination design 

software. Section 2.3 overviews the geometric issues of faceted reflectors that must be 

addressed during their design. Faceted reflectors are discussed further in Chapter 3 by 

presenting their optical implications through the examination of a novel LED flashlight 

design.  

 

 2.1 COMPLEXITY OF SURFACE REPRESENTATIONS 

Facets can be constructed using several different surface types. The parametric 

mathematics used to define these surfaces has progressed from traditional analytic 

polynomial surfaces (plane, conic and its polynomial extensions), to empirically defined 
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surfaces (Bezier curves, B-splines, NURBS (Non-Uniform Rational B-splines), and T-

splines). In this section, these surface definitions and their characters are discussed. 

 Plane 

A planar surface is the simplest analytically defined surface. The formula 

describing a plane is  

                                                  yaxaaz 321                                                        (2.1) 

where a1, a2 and a3 are coefficients.  

 Conic and its polynomial extensions 

Conic surfaces and conic surfaces with a polynomial series (Taylor series 

expansion on a conic surface) have been commonly used to represent aspheric surfaces. 

The mathematical expression for a conic surface is [53]: 

                                             
22

2

)1(11 rck

cr
z


                                                  (2.2) 

where 222 yxr  , k is the conic constant, and c is the base surface curvature. For 

special cases of k, the general conic surface converges to a sphere (k = 0), an oblate 

ellipsoid (ellipsoid rotated about minor axis) (k > 0), an prolate ellipsoid (ellipsoid rotated 

about major axis) (-1< k <0), a paraboloid (k=-1), and a hyperboloid (k < -1). A conic 

surface is also specified with relatively few variables, and it allows non-iterative ray 

tracing procedures [54].  

To represent circularly symmetric surfaces, we can add a series of even or odd 

polynomial asphere [55] in the conic surface expression. The mathematical formula for 

an even asphere is  
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The odd asphere surface formula is similar to the even asphere, except both even and odd 

exponents are used. 

An anamorphic asphere surface [56] is used to represent a double plane 

symmetric surface, such as 
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where A coefficients are the symmetric coefficients which stand for the aspheric shape in 

the Y-Z plane, and B coefficients are the asymmetric coefficients which represent the 

differences in aspheric coefficients between the Y-Z plane and the X-Z plane.   

To represent a generally non-symmetric surface, an XY polynomial surface [57] 

and a variation form called the “α-β” polynomial surface [58] can be used. More 

variables are needed to specify this surface and an iterative approach is need for ray 

tracing [54]. An XY polynomial is expressed as 
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where r, c and k are defined as before and Aj is the coefficient of the monomial xmyn with 

j = [(m+n)2 + m + 3n]/2 +1. An “α-β” polynomial surface is a base conic plus polynomial 

terms rewritten in terms of horizontal and vertical angles looking from the origin along 

the Z axis. An “α-β” polynomial surface is expressed as 
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where Aj is defined as in Eq.(2.5).  

Empirical defined surfaces, commonly referred to spline surfaces, are different 

from analytic defined surfaces. They are constructed from a set of user-defined points or 

curves using some controlled method, such as surface-point-interpolation. Presently, 

explicit surfaces have become popular in computer aided design (CAD) and computer 

aided geometry design (CAGD) [58]. In the following sections, some important types of 

empirically defined curves/surfaces are briefly introduced. Here the author assumes the 

readers have basic knowledge of B-spline and NURBS. For a complete discussion of 

Bezier curve, B-spline and NURBS, which is well beyond the scope of this dissertation, 

please see the NURBS Book [59]. 

 Bezier curve [59] 

Bezier curves are a special case of NURBS. They are generated from a family of 

Bernstein polynomials. The mathematical formula describing the non-rational Bezier 

curve is: 
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polynomial degree, and n+ 1 is the total number of control points. Here )(uC


 stands for 

the vector expression of three parametric equations of which u is the parameter variable 

that stitches the space between iP


. Connecting the control points iP


 linearly forms the 
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control polygon which is tangent to the Bezier curve. With the increase of the Bernstein 

polynomial degree, the control polygons converge to the curve.  

 Rational Bezier curve/surface [59] 

It can be proven that many important curves/surfaces such as ellipses, hyperbolas, 

circles, spheres, and cones cannot be represented exactly by polynomials alone. Actually, 

parabolas are the only exceptions [37]. (That’s why we need the conic term for the conic 

surfaces.) To solve this problem, rational Bezier curves are proposed to exactly represent 

conics. The rational Bezier curve consists of a ratio of two polynomials with weights 

added to the control points. The expression of a rational Bezier curve is given below: 
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If all the weighting factors wi are equal to one, Eq.(2.8) reduces to Eq. (2.7) since the sum 

of all the Bernstein polynomials is one. Eq.(2.8) can also be rewritten as 
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The concept of a curve can be extended into a surface, which is a vector-valued 

function of two parameters, u and v. A rational Bezier surface can be defined as: 
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where 
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 NURBS curve/surface [59] 

A family of B-splines forms the NURBS (Non-Uniform Rotational B-Spline) 

curves, which offer more flexibility than the standard Bezier. The NURBS curve can be 

thought of as a collection of Bezier curves that are joined at a “break point”. A pth-degree 

NURBS curve is defined by  
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where iP


 are the control points which forms the control polygon, and  )(, uN pi  are the 

pth-degree B-spline basis functions (the order is p+1) which are defined on the 

nonperiodic and nonuniform knot vector }1,...,1,...,,0,...,0{
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of ith B-spline basis function of pth-degree is given as below: 
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Eq.(2.11) can be rewritten as 
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where 
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The mathematical expression of the NURBS curve can be extended into the 

NURBS surface, which is a vector valued function of two parameters, u and v. A NURBS 

surface of degree p in the u direction and degree q in the v direction is described by 

Eq.(2.14). 
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Here the control points iP


 form a bidirectional control net.  )(, uN pi  and  )(, vN qj are 

nonrotational B-spline basis functions defined on the knot 

vector: }1,...,1,...,,0,...,0{
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r=n+p+1 and s=m+q+1. Similarly as before, Eq.(2.14) can be rewritten as 
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where the piecewise rational basis functions 
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NURBS is considered the most powerful and popular surface representation in the 

CAD and CAGD industry. Davenport’s dissertation [37] investigated NURBS as a 

powerful tool for constructing faceted reflectors to create a uniform circular luminance 

distribution. 

 T-spline surface[60] 

A NURBS surface does have limitations in some cases. For example, tuning the 

control points may require numerous faceted polygons to obtain a fine structure. Knot 

insertion or control point insertion add superfluous complexity to the optical control 

surface. Stitching NURBS patches together also possibly introduces continuity errors at 

the patch junctions, which can produce unwanted ripples. T-splines surface were recently 

introduced for local refinement. Control points can be reduced by translation of NURBS 

into the T-spline, and optimization of the T-spline is expected to be more powerful [2-10]. 

An explicit formula of a T-spline surface is given by Eq.(2.16). 
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A T-spline surface is comprised of t-mesh, a control point lattice. The Cartesian 

coordinates of points on the surface is given by
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cubic B-spline basis functions associated with knot vectors ],,,[ 0,0,0,0, iiiii uuuuU 


and 
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],,,[ 0,0,0,0, iiiii ttttT 


. The research of T-spline is still ongoing [60], but it is expected that 

T-spline will overcome some of the issues with faceted surface design.  

Except the spline surfaces that are usually constructed by surface-point- 

interpolation methods, other common empiric surfaces include swept surfaces and 

skinned surfaces. The interested reader can refer to the LIGHTTOOLS help manual [61] for 

more information on these types of surfaces. 

 

2.2  SOFTWARE AND MODELING METHODS OF FACETED REFLECTORS 

This section overviews the modeling methods of faceted reflectors in 

commercially available illumination design software. Typically, there are three ways to 

generate a faceted reflector in illumination design software, such as LIGHTTOOLS [28] 

and ZEMAX [62]. The first option is to utilize the software’s own objects or utility. This 

approach is direct but there are not many choices for the users, thus requiring an iterative 

approach that can become quite complex.  It also leaves little room for improvement 

without difficult parameterization and then optimization. The second option is to interact 

with CAD software such as SOLIDWORKS [63] or RHINOCEROS [64]. This method 

becomes important if we care about opto-mechanical effects such as stray light issues.  

However, this method also suffers from a lack of easy parameterization and optimization.  

The third option is to write macros or MATLAB (The MathWorks, Inc.) scripts for 

creating faceted reflectors in illumination design software. This approach affords the 

biggest flexibility to the users since the macros parameterize the geometry for easier 

integration into tailoring and optimization schemes. 
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2.2.1 OVERVIEW OF MODELING METHODS IN LIGHTTOOLS  

In LIGHTTOOLS, if the reflector is rotationally symmetric, we can start the design 

from an extruded reflector that is created using an EXCEL (Microsoft Corporation) file, 

trim the extruded reflector into a wedge, and then generate a circular array of wedges to 

form a faceted reflector with proper optical properties [65]. David discussed the 

characteristics of this type of faceted reflectors, as mentioned in the introduction chapter 

[35]. Figure 2.1 illustrates the process of generating a rotationally symmetric faceted 

extruded reflector.  

 

 

                         (a)                                 (b)                                            (c) 
 
Figure 2.1 Process of generating a rotationally symmetric faceted extruded reflector in 
LIGHTTOOLS:(a) Initial extruded reflector created using an EXCEL file through the 
“Extruded” command button, (b) wedge trimmed from the reflector in (a), and (c) the 
whole rotationally symmetric faceted reflector. 
 

LIGHTTOOLS itself contains a “Faceted Reflector Utility” which was developed 

based on the work of Cassarly et al. [36], as shown in Figure 2.2. In this utility, different 

facet geometries, such as hexagonal, rectangular or “hybrid” shapes, are supported. The 

facets are generated based on the edge rays of the source and the target boundary. 
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However, only planar facets are supported and only the round shape illumination target is 

assumed. 

 

(a) 

 

(b) 

Figure 2.2 (a) “Faceted Reflector Utility” in LIGHTTOOLS and (b) a faceted reflector 
designed with this utility for a point source. Edge rays of the source and the target 
boundary are used to construct the facets. 

 

Due to the limits of the LIGHTTOOLS Faceted Reflector Utility, a Visual Basic 

(VB) macro for LIGHTTOOLS can be developed to generate faceted reflectors. We used a 
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VB macro to construct a faceted reflector with curved facets to provide uniform 

illuminance over a square target, as will be illustrated in Chapter 3.  

LIGHTTOOLS version 6.2.0 or newer also supports a “SOLIDWORKS link”, which 

can import CAD models in SOLIDWORKS into LIGHTTOOLS and optimize the model 

using LIGHTTOOLS. RHINOCEROS is also a good choice for generating NURBS or other 

empirically defined surfaces. Figure 2.3 (a), (b) and (c) illustrate some free-form surfaces 

designed in LIGHTTOOLS or CAD software; while Figure 2.4 shows a collimated LED 

that was originally designed in SOLIDWORKS and optimized in LIGHTTOOLS via the 

“SOLIDWORKS link”.  

 

         

                        (a)                                      (b)                                          (c) 

Figure 2.3 (a) A spline patch surface generated in LIGHTTOOLS; (b) a sweep surface 
generated in RHINOCEROS; (c) a free-form reflector generated in SOLIDWORKS through 
revolving process. 
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(a) (b) 
 

Figure 2.4 Collimated LED designed through LIGHTTOOLS-SOLIDWORKS links: (a) 
original design in SOLIDWORKS and (b) optimized design in LIGHTTOOLS. 
 

2.2.2 OVERVIEW OF MODELING METHODS IN ZEMAX 

In ZEMAX, there are several built-in, non-sequential objects for the purpose of 

generating faceted reflectors. The typical objects are “Tabulated Faceted Radial”, 

“Tabulated Faceted Toroid”, “Tabulated Fresnel Radial” and “Polygon Object”. They are 

all user-defined objects, whose parameters can be controlled by imported text files. Only 

planar facets are supported for these objects.  

Figure 2.5 shows the different non-sequential objects for constructing the faceted 

reflectors. Among them, “tabulated faceted radial” and “tabulated fresnel radial” are both  

rotational symmetric with zones growing along the radial direction. The only difference 

is that radially symmetric surfaces in “tabulated fresnel radial” are smooth rather than 

faceted. “Tabulated faceted toroid” is cylindrically symmetric with facets growing along 

the local Y-axis direction. The “polygon object” is a very general user-defined object, 
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which is based on a collection of 3D triangles whose vertices are placed in a “.POB” file. 

Facets are tiled together also according to the “.POB” file.  

 

                                             

(a)                                                                 (b) 

         

(c)                                                                   (d) 
 

Figure 2.5 Faceted reflectors generated in ZEMAX using (a) Tabulated Faceted Radial, (b) 
Tabulated Faceted Toroid, (c) Tabulated Fresnel Radial, and (d) Polygon Objects. 

 

Just like LIGHTTOOLS, ZEMAX also supports four CAD formats: STL, IGES, 

STEP and SAT. Furthermore, macros can be written to construct curved-facet reflectors 

in ZEMAX to have more control over the facet properties. In Chapter 3, a ZEMAX macro 

that generates a method called “paraboloidal array” will be discussed in details. 
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 2.3 GEOMETRIC ISSUES IN DESIGNING FACETED REFLECTORS 

The previous sections give an overview of different surface types of facets, and 

discuss the modeling methods used to construct faceted reflectors. This section 

summarizes the geometric properties and issues that must be considered in designing a 

faceted reflector. 

 Selection of base surface of faceted reflector 

Unlike the facet that has many choices in the surface type, the base shape of the 

faceted reflector is usually selected according to the working configuration to simplify 

the design. For working in the near field (i.e. converging) configuration, the base surface 

can be set as ellipsoid. So, for a source located at one focus of the ellipsoid, the light will 

be projected to the other focus, which is placed as the center of the target plane location. 

For working in the far field (i.e. collimated) configuration, the base surface is set as 

paraboloid. For the far-field case, the target is located at infinity so we are interested in 

the angular distribution of light rather than the spatial distribution.  

 Selection of facet surface and the boundary issues between adjacent facets 

Facets are small surfaces that can be extended to large surfaces. The facet surface 

can be either planar or curved. It is preferred that the boundaries between the adjacent 

facets to be continuous for the fabrication feasibility and to avoid vignetting and 

shadowing effects. Planar surfaces have some feasible features for constructing faceted 

reflectors. First, planar facets are easily defined since three points or one point with a 

normal vector can uniquely specify a plane. Second, for planar surfaces, the intersections 

with rays are easily calculated [37]. Most importantly, boundaries between planar facets 
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are always continuous and are composed of straight lines. Ref. [36] illustrates how to 

“trim” facets with difference boundary shapes using planar surfaces as shown in the 

“Faceted Reflector Utility” of LIGHTTOOLS as well. Thus, planar facets are commonly 

used in many faceted reflector designs such as flashlights, store luminaires and overhead 

projectors. For the case of mixed planar and curved facets, there are step discontinuities 

in the boundaries as shown in Figure 2.6. Therefore, mixed planar and curved facets are 

usually a poor choice for faceted reflectors.  

 

Figure 2.6 The boundary curve between a planar and a curved facet can be discontinuous. 
 
 
 

The boundaries between two curved conic surfaces are also curved. A change in 

one facet may cause troubles in boundary curves as shown in Figure 2.7.  
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(a)                                                         (b) 

Figure 2.7 (a) Boundary curves formed by six identical spherical surfaces; (b) Boundary 
curves change due to the tilting upper spherical surface.  
 
 
 

Compared with analytically defined surfaces, empirical defined surfaces offer 

more flexibility with boundary control and variable control. Such surfaces can be made to 

conform exactly to boundary curves to ensure boundary continuity [37]. Empirically 

defined surfaces also have their own problems. It is complicated to construct such 

surfaces in software. It is also hard to create a traditional optical surface, for instance a 

conic surface, using an empirical surface. The surface behavior between the interpolated 

points might not be desirable [37]. 

The selection of the facet surface depends on the applications. For generating 

uniform rotationally symmetric pattern, planar facets usually work well. For generating 

non-rotationally symmetric pattern or non-overlapping intensity from the facets, curved 

facets are required because the curvature of the facets offers a lot more control. For the 
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case of designing reflectors for some complicated illuminations and stringent patterns, for 

instance automobile headlighting, empirically defined surfaces may be demanded.  

 Tiling process and shape of facets 

Tiling is the process of placing the facets together to build up the whole faceted 

reflector. The tiling methodology depends on the shape of the facets. Different shapes of 

facets have different fill factors. The fill factor is the percentage ratio of the area filled by 

the facet surfaces to the whole reflector surface. For a reflector constructed by triangular, 

rectangular or hexagonal facets, the fill factor can be 100% minus the percentage of the 

seam area between the facets. For a reflector constructed by circular facets, the fill factor 

is smaller because circles cannot be tiled together without gaps between each other. Thus 

circular shape of facets is not usually used in faceted reflectors. Sometimes hybrid shapes 

of the facets are used in order to have a high fill factor. For instance, a patch of surface 

that is constructed by a curved pentagon surrounded by five curved hexagons can be used 

to build up a closed spherical-like surface, just like the common soccer ball. The selection 

of a facet shape is also determined by the symmetry of the faceted reflector. Usually, for 

a rotationally symmetric faceted reflector, a “trapezoid” is the most common facet shape, 

as shown in Figure 2.1. Other facet shapes, such as hexagonal and polygon shapes can be 

realized by making small changes to the distance from the trim-plane reference point and 

the optical axis in each band, as illustrated in Ref. [36]. For a non-rotationally symmetric 

faceted reflector, a rectangular shape is the most common choice to simplify the tiling 

process, as shown in Figure 2.5 (b).  
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 Fillet and fabrication methods for faceted reflectors 

During the fabrication process, the slope discontinuities between the segments of 

the faceted reflectors are often rounded with fillets. The fillet radius depends on the 

fabrication method and process. Usually the fillet size is within 15% of the facet size. The 

main effect of using fillets is to slightly reduce the target beam-width by redirecting some 

of the flux to the central region that would otherwise strike the edges of the target 

distribution [36]. For small boundary steps in faceted reflector, the little gap between the 

adjacent facets can also be filled with some filler material; for example, aluminum foil is 

commonly used in automobile headlight reflectors. If the boundary step is too big, say 

>15% of the facet size, then the faceted reflector design needed to be modified for 

fabrication reasons.  

For fabrication of high-quality faceted reflectors in small quantities, the diamond 

turning method (a process of mechanical maching of precision elements using computer-

numerical-control lathes equipped with diamond-tipped cutting elements) is widely used 

[66]. For fabrication of sizable quantities, faceted reflector can be fabricated through 

injection molding method, which makes single component by using commercial serial 

production technologies. The molding tool should be specific for each type of reflector 

since it forms a negative of the final optical part. Presently, this technique is mainly used 

for optical components with diameters below 50 mm and accuracies in the few micron 

regions [40]. The advantage of the injection molding technology includes the short 

production time, low cost and the possibility to include mounting elements.  
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 Number of facets and mapping methodology 

  The number of facets can be specified by the designer depending on the 

illumination requirement and the mapping methodology. A typical number is between 10 

to100. For the case that each facet illuminates the whole target, ie. a “many-to-one” 

mapping mechanism, more facets indicate the better uniformity. A uniformity criterion 

can be used to determine the number of the facets required.  For the case that each facet 

illuminates a sub-section of the target distribution, i.e., some level of “one-to-one” 

mapping, the ratio of the whole target area to the illuminated sub-section area can be used 

to determine the number of the facets required. The number of facets is also related with 

the fabrication ability. Usually every band of a faceted reflector has the same number of 

facets for fabrication reason. 

 

 

 

 

 

 

 

 

 

 

 



 
 

50

CHAPTER 3   

OPTICAL IMPLICATIONS OF FACETED REFLECTORS 

Some geometric properties of faceted reflectors and several ways of constructing 

faceted reflectors in illumination design software have been discussed in Chapter 2. In 

this chapter, the optical advantages of faceted reflectors are illustrated through the 

example of a simple LED (light emitting diode) flashlight. To establish a baseline, 

Section 3.1 presents the performance of illuminance uniformity and light transfer 

efficiency that can be achieved from an LED flashlight using a single lens. The design is 

then modified in Section 3.2 to examine the performance when using smooth reflectors, 

both conic and aspheric, instead of a lens. Section 3.3 examines the effect on the 

performance when the smooth reflector is replaced with a planar-faceted reflector. A 

quantitative comparison of the different optical designs is presented. Section 3.4 explores 

how the use of curved-faceted reflectors provides additional design degrees of freedom to 

further enhance the design optical performance, especially for realizing non-rotationally 

symmetric uniform illuminance distributions. The chapter finishes with a few concluding 

remarks. 

 

3.1 SPECIFICATIONS AND SINGLE LENS DESIGN 

The goal here is to use, at first, simple optic such as a single lens or a single light 

reflector to capture the light from a Lambertian emitting LED and then project the 

irradiance onto a 60-cm diameter target at a distance of 3 meters.  Ultimately, the goal is 
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to develop uniform illumination over this target. The transfer efficiency and illuminance 

uniformity, both inside the 60cm circular boundary, will be optimized.  A Nichia LED 

NSPW3008S_S [67] with an emitting cone angle of approximately 90º is used as the light 

source, since this type of LED is commonly used. The emitting power of the LED source 

is scaled to 1 Watt. Figures 3.1 and 3.2 illustrate the system layout and the LED emission 

pattern, respectively. 

 

(a) 

 

(b) 
Figure 3.1 System diagram of a LED flashlight design: (a) singlet design and (b) reflector 
design (graphics not to scale). 
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Figure 3.2  The LED source model and its angular intensity chart [67]. 

 

Initially, a single lens was used to convert the light from the LED source to the 

target. A significant amount of effort has been made to optimize the lens parameters such 

as radius of curvature, conic coefficient, aspheric coefficients and lens/source position 

based on illuminance uniformity and transfer efficiency criteria. However, it is found that 

it is difficult to achieve a uniform illuminance distribution using solely the singlet due to 

its limitation in optimization variables. As expected, the illuminance distribution, as 

shown in Figure 3.3, is in a Gaussian-like shape, which is similar to the illuminance 

pattern of the selected Nichia LED source. In all the following irrandiance figures, the 

unit is Watt/mm2. 
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Figure 3.3  Illuminance pattern generated with a single lens design in LIGHTTOOLS. 
 

3.2. SMOOTH REFLECTOR DESIGN 

Consequently, a single smooth reflector design is considered to capture the LED 

light and project toward the target. Figure 3.4 illustrates the illuminance pattern generated 

with an optimized conic reflector and an optimized aspheric reflector, respectively. For 

all the optimizations, the mesh merit function and total power inside the 60-cm boundary 

are used as the components for the full merit function value. According to the simulation 

results shown in Figure 3.4 (a), the conic reflector solution is not ideal for providing a 

uniform illumination because it only achieves a uniformity of ~ 15%. The aspheric 

reflector can yield a uniformity of ~ 62% if we define the uniformity as Emin/Emax inside 

the 60-cm circle while keeping ~75% light transfer efficiency.  
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(a) 
 

 

 

              

                                                                               

 

 

(b) 
 

Figure 3.4 Illuminance pattern generated with: (a) a conic reflector design and (b) an 
aspheric reflector design in LIGHTTOOLS. 
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3.3 PLANAR-FACETED REFLECTOR DESIGN  

As shown in Figure 3.5, a planar-faceted flashlight reflector is then designed by 

using the “Faceted Reflector Utility” in LIGHTTOOLS. The rim radius of the reflector is 

determined by the emitting angle and position of the LED light source. In this design, the 

rim radius is chosen as 60 mm. To maintain the efficiency inside the 60-cm diameter 

circle, the rim angle of the faceted reflector should be set at a small value, for example 10 

degrees, resulting in a deep reflector along the axial direction as illustrated in Figure 3.5 

(b). Different shapes of facets such as rectangular, hexagonal and “hybrid” shapes are 

selected and compared. It is found that the facet shape does not significantly affect the 

illuminance uniformity due to the “many-to-one” mapping methodology. For the 

specified LED source, the planar-faceted reflector design achieves an optimal uniformity 

of ~ 60% with a transfer efficiency of ~75%, which has similar performance as the above 

aspheric smooth reflector design. 

In LIGHTTOOLS’ faceted reflector utility, a polar coordinate system is used. 

According to the segmentation algorithm [36], planar facets with varying size in the 

radial direction are generated based on the edge rays of the source and the target 

boundary. The mapping routine is “many-to-one” by overlapping rotated versions of the 

facets in the target plane. Therefore, due to the rotational symmetry, the best goal can be 

achieved is the uniformity over a circular illumination pattern. However, since the center 

of this circular pattern is illuminated by each of the facets while the outlying regions are 

not illuminated by each of the facets, the distribution tends to have a peak in the center 

and falls off toward the edges, which ultimately limits the illuminance uniformity.  
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                             (a)                                                          (b) 
 

 

 

 

 

     

 

  

 

(c) 
Figure 3.5 (a) Planar-faceted reflector designed using “Faceted Reflector Utility” of 
LIGHTTOOLS, (b) system layout and (c) circular uniform illuminance pattern generated 
with the planar-faceted reflector design in LIGHTTOOLS. 
 
 

Table 3.1 summarizes the performance of the designs that have been investigated 

so far. According to our simulation results, the optimal design is the smooth aspheric 

reflector, which achieves a uniformity of 62%; and the next best is the planar-faceted 

reflector designed using the LIGHTTOOLS faceted reflector utility.   

 



 
 

57

Table 3.1 Summary of performances of different designs for rotationally symmetric 
distribution  

 

 

3.4 CURVED-FACETED REFLECTOR DESIGN  

For a flashlight design, it seems that the smooth aspheric and planar-faceted 

reflectors already satisfy the requirements. However, there are other applications that 

require higher performance, such as projector systems and automobile headlights. Since 

the curved facets bring additional design degrees of freedom compared with the planar-

faceted reflector, they offer the designers much more control over different applications. 

Therefore, it is important to explore how to construct curved-faceted reflectors and 

investigate their applications.  

Designs 

Uniformity Transfer 
Efficiency

source

circlecmin

P

P 60

Emin/Emax

Irradiance  

standard deviation 

Irradiance  

average deviation  

Single aspheric 
lens 

9.1% 2.19e-6 0.917 75.6% 

Smooth conic 
reflector 

15% 1.98e-6 0.653 98.1% 

Smooth aspheric 
reflector 

62% 2.37e-7 0.118 75.2% 

Planar-faceted 
reflector 

60% 8.91e-7 0.403 76.3% 
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To simplify the problem, the same flashlight example is used here to demonstrate 

the functionality of the curved-faceted reflectors. Instead of using complex empirically 

defined spline surfaces or solving differential equations, two different methods are 

proposed to generate a square/rectangular uniform illumination distribution by using 

macro-constructed, curved-faceted reflectors as presented in the following two 

subsections. The first method is to design spherical facets on a parabolic-like base surface 

and optimizing the curvatures and tilt angles of each facet. The second method is to 

construct an off-axis paraboloidal array by analytically controlling the position-related tilt 

angles for each paraboloid. 

 

3.4.1 METHOD ONE: ELLIPTICAL REFLECTOR WITH CURVED (SPHERICAL) 

FACETS (GENERATED BY A LIGHTTOOLS MACRO) 

 

A LIGHTTOOLS Macro is used to generate curved-faceted reflectors. This macro 

makes square facets from individual solid elements and then tiles them together to 

construct a faceted reflector. The facet surface can be defined as any surface type which 

is supported by LIGHTTOOLS, for example, a conic surface, a polynomial asphere or an 

anamorphic surface, and so on. In this design, spherical facets are used.  

As illustrated in Figure 3.6, a square illumination pattern with very good 

uniformity (~95%) and a light transfer efficiency of ~75% is achieved using a 4 x 4 

spherical curved-facet array. The mapping routine is “many-to-one” by projecting the 

illumination patterns from each facet onto the same target location without any rotation.  
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The design procedures include the following: 

 (1) Design the concave base reflector. The base shape of the reflector is set as 

either paraboloid or ellipsoid for working in the far field (i.e., collimated) or near field 

(i.e., converging). The conic constant of our base reflector is close to -1 because we are 

approaching the far field while retaining some convergence properties. This results in a 

quasi-collimated beam and a close-to-parabola-shape reflector. 

 (2)  Facet the base reflector surface. Each square, spherically curved facet has the 

same size but different curvatures and tilt angles. The curvatures of each facet control the 

size of the illumination pattern and the tilt angles control the position of the projected 

illumination pattern.  

 (3) Optimize the curvatures and tilt angles of each facet individually; to ensure all 

the projected illumination patterns overlap together at the center of the target plane so 

that a uniform, square illumination pattern is achieved. An iterative optimization program 

is developed. This program is then integrated with the LIGHTTOOLS macro so that the 

software optimizes each facet automatically. During the optimization, the boundary 

continuity between the facets is loosely satisfied.  Furthermore, since every facet only 

collects a portion of light from the LED source, an “aiming area” of the LED source on 

each facet is defined to improve the ray-tracing efficiency of the Monte Carlo 

optimization. Additionally, while one facet is being optimized, the properties of other 

facets should be set as not traceable. The optimization method presented above is a little 

different from the LIGHTTOOLS faceted reflector utility, which only uses two edge rays to 

optimize the size and shape of the entire facet.  



 
 

60

Figure 3.7 illustrates the effect of a single facet in this 4 x 4 facet array. By 

comparing Figure 3.6 (b) with Figure 3.7 (b), we can conclude that even though the 

illumination uniformity from a single facet is somewhat low; the overall superimposed 

illumination generated by the whole faceted reflector is very uniform due to the “many-

to-one” mapping methodology. Thus, the tolerance for the manufacture error in the single 

facet is relatively loose compared with a smooth reflector. For tolerancing the alignment 

errors of each facet, we can write another macro that introduces the random tip-tilt errors 

in the facets and then analyze the irradiance pattern. The detailed method will be 

introduced in Chapter 5. 

 

            

                                          

                                      

(a) 
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(b) 
 

Figure 3.6 (a) System layout of a 4 x 4 curved facet array and (b) generated square 
uniform illuminance pattern in LIGHTTOOLS. 
 

                                                 

 

 
 

(a) 
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(b) 
 

Figure 3.7 (a) System diagram of a single facet with “ray-aiming” and (b) illuminance 
pattern generated with single facet in LIGHTTOOLS. 
 
 

The above figures have demonstrated the feasibility of this method in generating 

uniform square illumination. We can also generate a uniform rectangular shaped 

illumination pattern by using rectangular facets and overlapping all the rectangular 

illumination patterns over each other.  

 

3.4.2. METHOD TWO: OFF-AXIS (BICONIC) PARABOLOIDAL MIRROR ARRAY 

(GENERATED BY A ZEMAX MACRO)   

The second method is to generate a paraboloidal mirror array by placing identical 

square mirror segments at certain positions in (x, y, z) space with position-related tilt 

angles on a large paraboloidal base reflector. The design concept is illustrated in Figure 
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3.8. Each tilted off-axis mirror segment collimates the incident light from the light source, 

which is located at the common focus (F) of all the off-axis paraboloids, to the same 

location (T) on the optical axis. By overlapping all the illumination patterns generated by 

different segments together, we can obtain a uniform illumination.  

 

 
Figure 3.8  System diagram of the off-axis paraboloid mirror array. 

 

The total tilt angle for a facet that is located at (x, y, z) position in space, can be 

decomposed into local tilt α and global tilt β as shown in Figure 3.8. The function of local 

tilt α of the off-axis facet is to bend the rays emitting from the focus, F, to the on axis 

point, T, and the global tilt, β, translates the orientation of the facet towards the tangential 

direction of the large paraboloidal base surface.  

Through geometric optical analysis, the tilt angle around the x-axis is derived as 

shown in Eq. (3.1), where R is the radius of curvature for each paraboloidal facet; d is the 

distance from the paraboloidal base surface vertex to the point T; and the subscripts in 

these two equations denote the x and y components to the respective angles. Similarly, the 
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tilt angle around the y-axis can be derived by replacing x with y in Eq. (3.1) and is given 

by Eq. (3.2). 

 

 

(3.1) 

                                                                                                                                                       

            

                                                                                                                                (3.2) 

 

                                                                                                                                                      

A macro was written to insert all the mirror facets at the desired positions with the 

related tilt angles in ZEMAX’s non-sequential component editor. As shown in Figure 3.9, 

perfect, uniform square (~100%) illumination can be achieved by this paraboloidal mirror 

array for a point source, thus the simulation result verifies the theoretical derivation as 

illustrated above.   
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(b) 

 
Figure 3.9 (a) System layout of a 12 x 12 paraboloidal mirror array and (b) generated 
square uniform illuminance pattern with a point source in ZEMAX. 
 
 

An extended elliptical light source [68] with an emitting area of 2 mm2  is chosen 

to demonstrate the feasibility of this method for extended sources.  Figure 3.10 shows the 

square uniform illumination generated with the extended elliptical light source and the 

illuminance cross-section profile. As calculated according to the cross-sectional profile, 

the standard deviation of the illumination is 0.014 Watts/mm2 and uniformity is 

0.0325/0.035 = 92% if we define the uniformity as Emin/Emax . As such, it has been 

demonstrated in software that the off-axis paraboloid mirror array is an effective method 

to generate square shaped uniform illumination for both point sources and extended 

sources. 

Additionally, it is easy to generate a rectangular shape with uniform illuminance 

by choosing different radii of curvature in the x and y directions for each biconic square 

mirror segment and overlapping the rectangular patterns together. 
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(a) 

 
 

                                                     
(b) 

 
Figure 3.10 (a) Generated square uniform illuminance pattern with a 2 mm2 extended 
elliptical source in ZEMAX and (b) illuminance cross-section profile. 

 

3.4.3 DISCUSSION 

 The purpose of curved-faceted reflector macros  
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    As discussed before, a curved faceted reflector is not necessarily required for a 

flashlight illuminator. The purpose of developing macros that automatically design 

curved-faceted reflectors is to establish the tools for illumination systems, which require 

additional design degrees of freedom. 

 Mounting of LED light source 

   For the designs given in Section 3.4.1, the LED light source is oriented towards 

the reflector to ensure light capture by the reflector and thus transfer efficiency to the 

target. This is not the common way to mount a light source in a flashlight, but this 

configuration can still be realized if the LED is mounted onto a planar glass plate. The 

wire features will have a negligible effect on the illumination pattern since their “images” 

will smear out in the far field. Alternatively, the design can be changed by mounting the 

LED source onto the base of the reflector through a drilled hole, but the mounting issue is 

not quite relevant for the purpose of exploring the design concepts of curved-faceted 

reflectors. 

 Optimization   

The functionality of optimization in designing the faceted reflector for uniform 

illumination has been demonstrated. In addition, to improve the illumination uniformity 

from each single facet, we can use conic or aspheric facets, which are easily constructed 

through the developed LIGHTTOOLS macro.  

 Fillets 

For both of the curved-faceted reflector designs presented in this chapter, there 

are small boundary discontinuities between the curved facets. The sizes of the gaps are 
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within 2% of the facet size in both designs, thus the gap issue can be resolved by using 

fillets during the fabrication process. As discussed in Sec. 2.3 of Chapter 2, the fillets 

slightly reduce the target beam-width by redirecting some of the flux toward the central 

region of the target distribution.  

 Monte Carlo ray-tracing  

Throughout this work, all the illumination systems are analyzed and all the 

optimization procedures are performed through Monte Carlo ray-tracing. The 

illumination data is collected and stored in a grid of cells called mesh. The number of 

cells in the mesh determines the spatial resolution and the statistical accuracy of the data, 

between which there is usually a trade-off. To get better accuracy with more cells that 

provide better resolution, more rays must be traced. The actual number of cells used in 

the mesh depends on the error estimates of the data, which is a measure of the statistical 

error of the illuminance/ intensity of a mesh cell during the Monte-Carlo process. In 

LIGHTTOOLS, the error estimate is computed from the following formula [69]: 

 

                                           





N

N

f

f 2



                                                                    (3.3) 
 
 

where ε is the error estimate, N is the number of rays in the cell with maximum 

illuminance, and f is the magnitude of the ray. During the ray-tracing, one can adjusts the 

mesh size (the number of cells in each direction) and the total tracing ray numbers so that 

the error estimate for the cell with the maximum illuminance/intensity/luminance is less 



 
 

69

than an error target value. For all the illuminance plots shown throughout this work, the 

error estimate is less than 5%. 
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CHAPTER 4  

FACETED REFLECTOR DESIGN EXAMPLE I -  

A NOVEL MICROSCOPE ILLUMINATOR 

 
 

This chapter presents the designs of an innovative illumination light guide for 

microscopes. In a microscope system, the illuminator is usually located underneath the 

sample plane (transillumination) or above/beside the microscope objective (epi-

illumination). Transillumination utilizes the transmitted light through the sample for the 

illumination purpose. This type of illumination is not suitable for opaque samples. Also, 

some stray light may enter the field of view of the objective and thus reduce the image 

contrast. Epi-illumination, which utilizes the reflected light or backscattered light off the 

sample for illumination, usually brings the light to the sample plane through a beam 

splitter, an annular mirror or a condenser lens. In this case, the illumination system is 

fairly bulky. Here, we propose a new illumination design concept that brings the 

illumination through a glass slide. This illumination design works for opaque samples. 

Most importantly, this illuminator is a compact one and thus is especially good for some 

microscope systems that use micro-lens objective arrays [70]. 

In this chapter, the design concept for this novel microscope illuminator is 

discussed. The illumination designs for a single micro-objective microscope and for a 
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micro-objective array microscope system are presented. Additionally, methods of 

improving the light transfer efficiency and the spatial uniformity are explored.  

 
4.1. DESIGN RESULTS AND ANALYSIS FOR A SINGLE OBJECTIVE 

MICROSCOPE SYSTEM 

4.1.1 SPECIFICATIONS  

Figure 4.1(a) shows the concept of this novel microscope illuminator system. A 

LED light source will be placed at one end of a reflective plane parallel plate. The plane 

parallel plate has some reflector structure on its top surface to guide the LED light 

towards the sample plane. The micro-objective has a diameter of 2mm with a NA of 0.5 ~ 

0.75 and a field of view of 250 µm. The function of the dip is to break the total internal 

reflection condition of the original top surface of the plane parallel plate so that the rays 

will be reflected off downwards with different angles and finally transmit through the 

bottom surface of the plane parallel plate, as illustrated in Figure 4.1(a).  

The requirements of the dip in the illumination system are:  

• Diameter of dip structure <= 0.4mm, which is approximately 20% of the beam size. 

• Depth of the dip < =0.25mm.  

The dip structure is like an annular aperture, or a so-called central obscuration. It 

does not severely degrade the imaging quality since the obscuration ratio is less than 0.2 

[71]. The analysis will start with a smooth conical shape notch as shown in Figure 4.1 (b). 

The relation between the illuminated area on the sample plane and the conical bottom 
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angle will be studied. Later, different facet shapes and geometries will be studied and 

compared based on uniformity and efficiency criteria. 

 
(a) 

 

 
(b) 

 
Figure  4.1 (a) Diagram of the novel microscope illumination system (not to scale), and 
(b) top view of the plane parallel plate (not to scale). 
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4.1.2 SIMULATION RESULTS 

 
For all the following configurations, the left, right, front, and back surfaces of the 

plane parallel glass plate, and the small dip surfaces are coated with the total reflective 

coatings. Light receivers are placed both on the sample plane and on the top surface of 

the plane parallel glass plate. 

4.1.2.1 SIMULATION RESULTS BASED ON THE INITIAL PARAMETERS 

Figure 4.2 shows the illuminance pattern on the bottom receiver for the system as 

designed according to the parameters in Figure 4.1. The diameter of the conical dip is set 

as 0.4 mm and the depth of the dip is 0.25 mm. A LED light emitter chip with the size of 

0.3 mm x 0.3 mm x 0.1 mm is used in the simulation. According to the simulation results, 

both the light transfer efficiencies to the bottom receiver and the top receiver are 

approximately 7%. The light transfer efficiency to the central region of the bottom 

receiver where the microscope sample is located is only 0.96%, and the diameter of the 

central illuminated region is approximately 5mm. Most of the flux on the bottom receiver 

concentrates on the location just below the light source.  
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Figure 4.2. Illuminance pattern on the bottom receiver based on the initial parameters 

 

4.1.2.2 OPTIMIZATION OF THE LIGHT TRANSFER EFFICIENCY 

 
To find out the reason for low light transfer efficiency, a non-sequential ray trace 

analysis was run within this glass plane parallel plate. Three dip structures are made on 

the top surface to illustrate their effects in reflecting the light downwards. Fig 4.3 (a) 

shows a non-sequential ray fan traced within the (X,Z) plane (the plane of the reflective 

plate), and Figure 4.3 (b) and (c) show the non-sequential ray fans traced with a tilted 

angle towards Y axis. It is found from the non-sequential ray fan analysis that only some 

of the rays which are traced with the (X,Z) plane are reflected off downwards by the dip 

structures. Most of the other rays that have an angle with the (X,Z) plane, satisfying the 

total internal reflection (TIR) conditions on the top (or bottom) surface and reflecting 

inside the plane parallel plate for a long time, eventually getting absorbed by the glass. 

This explains why we only achieve ~ 14% of efficiency outside the bottom and top 

surfaces in total and only ~ 1% efficiency in the central region of the bottom receiver. 
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(a) 
 

 
(b) 

 
 

 
 

(c) 
 

Fig 4.3. (a) A non-sequential ray fan traced within the (X,Z) plane; (b) a non-sequential 
ray fan traced with a tilted angle towards the Y axis; and (c) several non-sequential ray 
fans traced with a tilted angle towards the Y axis. 
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To improve the light transfer efficacy at the central region of the bottom receiver 

where the sample is located, we need to focus the light flux towards the dip structure. To 

realize this, the curvature of the right surface of the plane parallel plate is modified to 

focus most of reflected rays by the right surface towards the center of the glass plate as 

shown in Figure 4.4. According to the simulation results in ZEMAX as illustrated in Table 

4.1, the optimum radius of curvature for the right surface is 107.2mm. The right surface 

of the glass plate is also tilted so that the focused spot shifts upwards to the dip position 

as displayed in Figure 4.5. Table 4.2 shows that the optimum tilt angle around X-axis for 

the right surface is about 1.3 degrees.  

 

Table 4.1. Prescription for the plane parallel plate with a curved right surface 
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Figure 4.4. Optical layout for the plane parallel plate with a curved right surface that 
focuses the light towards the center 
 
 
Table 4.2. Prescription for the plane parallel plate with a curved and tilted right surface 
 

 
Continued: 
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Figure 4.5 Optical layout for the plane parallel plate with a curved and titled right surface 
that shifts the focused spot upwards to the dip position. 
 

Then we set the corresponding parameters of the glass plate in LIGHTTOOLS and 

simulate the illuminance output as shown in Figure 4.6 below. The simulation results 

indicate that the light transfer efficiency on the whole bottom receiver is improved to 

16.7% and the efficiency on the central region of the bottom receiver is improved to 5.5%. 

Thus, after modifying the glass plate structure, some flux spreads to the right end of the 

bottom receiver, and the light efficiency at the sample plane is improved by almost 6 

times over the same central illuminated region of 5mm. The spatial uniformity at the 
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sample location is ~ 85% if we define the uniformity as Emin/Emax inside the central 

illuminated region.  

 

 
Figure 4.6. Illuminance pattern on the bottom receiver based on the modified glass plate 
structure. 
 
 

Additional efforts are performed to improve the light transfer efficiency and 

spatial uniformity. For example, the planar surfaces of dip structures are modified to 

convex and concave surfaces. These curved surfaces are constructed in LIGHTTOOLS by 

revolving the corresponding curves that are generated in other software as shown in 

Figure 4.7. Also, the smooth dip surfaces are modified to varieties of spline surfaces in 

LIGHTTOOLS. However, after performing a number of simulations, it was apparent that 

changing the shapes of the dip surface does not obviously affect the light efficiency and 

uniformity.   
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Figure 4.7. Curves for generating dip surfaces with different shapes. 
 

On the other hand, it was found that increasing the size of the dip structure greatly 

improved the light efficiency. For example, if we set the dip diameter as 0.8mm and the 

depth as 0.5mm, total efficiency on the bottom receiver is 29%, and efficiency on the 

central region is improved to 17%. However, according to the original dip structure 

requirements as specified in Sec. 4.1.1, the best efficiency at the sample location 

achieved so far is 5.5% as discussed above.  

 

4.2. DESIGN RESULTS AND ANALYSIS FOR OBJECTIVE ARRAY 

MICROSCOPE SYSTEM 

4.2.1. DIP ARRAY ON AXIS WITH THE OBJECTIVE ARRAY  

The above designs are all for a single micro-objective system. We also applied 

this illuminator design concept in the illumination system of a 4 x 4 micro-objective array 



 
 

81

microscope. Figure 4.8 (a) shows the diagram of one possible layout for the objective 

array and Figure 4.8 (b) shows the dip array generated in LIGHTTOOLS. For each 

objective, four dip structures around its corner are used to reflect the light and illuminate 

the sample underneath. In this layout, the dip structure is off the pupil of the objective so 

that the pupil is not obscured.  

        
(a) 

 
 

(b) 
 
Figure 4.8 (a) Diagram of a 4x4 micro-objective array with the dip structures (b) 5x5 dip 
array generated in LIGHTTOOLS. 
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In the simulation, the diameters of all the dips are still set as 0.4mm, and the depth 

of the dips are 0.25mm. The same LED light emitter chip located at the center of the left 

surface of the glass plate is used. (It was found that increasing the number of emitters or 

using an emitter array does not obviously improve the light transfer efficiency and the 

spatial uniformity.) Figure 4.9 shows the irradiance chart and illuminance pattern at the 

central region of the bottom receiver generated with this 5 x 5 dip array in LIGHTTOOLS.  

               

 
 

(a) 

 
(b) 

Figure 4.9 (a) Irradiance chart and (b) Illuminance pattern generated with the 5x5 dip 
arrays in LIGH 
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The results indicate that the light transfer efficiency at the central illuminated 

region is ~20% and the light transfer efficiency at the uniformly illuminated region (-4 

mm to 4mm) is ~12%. The simulation results also show a uniformity of ~88% in the ±4 

mm region where the 4 x 4 micro-objective array is located. Thus with this dip array 

illuminator, the sample under each micro-objective can be uniformly illuminated. 

4.2.2 DISCUSSION 

In Sec.4.2.1, the illumination system design for a 4 x 4 microscope array objective 

is discussed. However, there are other possible layouts for the 4 x 4 array objective: for 

example, each row can be laterally shifted for a certain amount of shear distance with 

respect to its adjacent rows. Correspondingly, the layout of the dip array should be 

modified. Future work may also include studying the effects of putting reflective coatings 

on different locations of the bottom and top surfaces of the plane parallel plate.  
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CHAPTER 5 

FACETED REFLECTOR DESIGN EXAMPLE II - 

OPTICAL ANALYSIS OF A 20-M SEGMENTED PARABOLOIDAL 

 SOLAR CONCENTRATING REFLECTOR 

 
 

This chapter discusses an example of faceted light collectors, specifically, a large 

segmented paraboloidal solar concentrating reflector. The background of this project and 

the procedures to analyze this large segmented solar concentrator in an optical design and 

analysis software such as ZEMAX are presented. Then the optical analysis results of the 

segment alignment errors and sun pointing errors are given.    

 

5.1 PROJECT INTRODUCTION 

A company wanted to be able to use a 20-m diameter paraboloidal solar 

concentrating reflector to collect the solar energy and drive the turbines at the focal point 

of the mirror. In order to simplify production, this large solar reflector is to be 

manufactured from 5 rings with 170 mirror segments/facets in total as illustrated in 

Figure 5.1. The diameter of the mirror is 20,726.4 mm (68 feet), and the focal length of 

the mirror is 10,972.8mm (36 feet).  

The purpose of this study is to use an optical analysis program to examine the 

distribution of solar energy at the focus of the reflector, as well as the effects of 
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alignment errors and mispointing of the tracking mount. Dr. Sheng Yuan initially started 

this project [72]. We appreciate him for kindly providing the ZEMAX macros for setting 

up and perturbing the segmented solar reflector system.  

 

 

 
 
 

Figure 5.1 Diagram of the large segmented paraboloidal reflector. 
 
 
 

5.2 ZEMAX ANALYSIS PROGRAM FOR THE SEGMENTED PARABOLOIDAL 

SOLAR REFLECTOR 

   This section includes the descriptions and operating instructions of the 

developed ZEMAX programs that set up the system, as well as the analysis of the 

segmented solar reflector. 

   As shown in Figure 5.1, five rings form this segmented solar reflector. The first 

step is to put the IGS files of five pie-shaped objects, which were designed in CAD 
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software, into the “Objects” subfolder in ZEMAX. Then by running a macro with the 

name of A-SETUP THE MIRROR FACETS, the segmented solar reflector will be 

automatically set up in ZEMAX as a non-sequential group. The function of this ZEMAX 

macro is to tile the 5 rings together, with 170 segments in total, according to the designed 

parameters by using several for-loops. Figure 5.2 shows the 3D layout of the segmented 

paraboloidal reflector in ZEMAX. The image plane of the system will be placed at the 

focus of the mirror. The system wavelength can be set as a visible wavelength. The sun is 

modeled by a “circle.IMA” file with an angular field size of 0.52 degrees. The sun disk is 

centered on the system field angle, which is the pointing error of the sun.  

 

 
 

Figure 5.2 Shaded model of the large segmented paraboloidal reflector in ZEMAX. 
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After the system is set up, the next step is to run “analysis->encircled Energy-> 

extended source” in the ZEMAX toolbar to analyze the encircled energy as a function of 

the radius around the center of the focal plane or to use the “analysis->image Analysis-> 

geometric image analysis” tool to analyze the distribution of energy at the focal plane, as 

illustrated in Figure 5.3 (a) and (b) respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 
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(b) 
 
Figure 5.3 Illustrations of (a) encircled energy and (b) contour energy map in ZEMAX for 
the perfectly aligned segmented solar reflector (no tip/tilt errors) with the on-axis sun. 
 
 

During the alignment of this large segmented solar reflector, tip/tilt errors of the 

segments may cause the spread of the solar energy at the focus. Another macro with the 

name of B-PERTURB THE FACETS can be used for optical analysis of the effects of the 

segment misalignment errors. The function of this macro is to perturb the reflector 

segments by introducing Gaussian errors or random errors in the their (x,y,z) positions, 

and their tip/tilt angles. All these perturbations are referenced to the local center of each 



 
 

89

dish segment so that the tolerance analysis of the system can be performed. Figure 5.4 

schematically illustrates an unperturbed system and an exaggeratedly perturbed system.  

 

        

(a) (b)  

Figure 5.4 Diagrams of (a) an unperturbed system and (b) an exaggeratedly perturbed 
system in ZEMAX. 
 
 

In this section, the procedures of making the optical analysis for this large 

segmented solar reflector in ZEMAX are described. In the next section, the optical effects 

of the misalignment errors or the sun pointing errors on the energy distribution at the 

focal plane will be illustrated through analyzing the encircled energy function or the 

energy contour map function. Since both functions give the consistent results, we will 

only show the energy fraction curve that is obtained from the encircled energy function. 
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5.3 OPTICAL ANALYSIS OF THE SEGMENTED PARABOLOIDAL SOLAR 

REFLECTOR 

5.3.1 OPTICAL ANALYSIS OF MISALIGNMENT ERRORS FOR THE ON-AXIS 

SUN 

Figure 5.5 (a) shows the total energy fraction within 200 mm radial distance at the 

focal plane as a function of the tip/tilt combined rms errors, and Figure 5.5 (b) shows the 

segment displacement rms errors for the on-axis sun with no sun pointing error. Here the 

200 mm radial distance is the maximum radius that ZEMAX calculates for the encircled 

energy. Within this distance the total energy fraction for the unperturbed segmented 

reflector system is unity, as shown in Figure 5.3 (a). As illustrated in Figure 5.5, the 

energy fraction function is much more sensitive to the segment tip/tilt errors than the 

segment displacement errors. Also, the sensitivity to the segment displacement errors in 

the x or y directions, where x and y are symmetric, is slightly larger than that to the 

segment displacement error in the z direction.    
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(b) 

Figure 5.5. Total energy fraction as a function of (a) the tip/tilt combined rms errors and 
(b) the segment displacement rms errors for the on-axis sun.  
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5.3.2 OPTICAL ANALYSIS OF MISALIGNMENT ERRORS FOR THE OFF-AXIS 

SUN 
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Figure 5.6. Total energy fraction as a function of the sun pointing error. 
 
 

As Figure 5.6 above shows, the total energy fraction drops if the sun has a 

pointing angle with respect to the optical axis of the reflector system. From the optical 

analysis, the energy fraction drops approximately 30% if the pointing angle of the sun 

exceeds 0.7 degrees.  

Fig 5.7 shows the total energy fraction within 200mm radial distance at the focal 

plane as a function of the tip / tilt combined rms errors and the segment displacement rms 

errors for the off-axis sun, where the pointing error of the sun is representatively set as 

0.4 degrees, 0.6 degrees and 0.8 degrees. Similar to the case of the on-axis sun, which 

was illustrated in Figure 5.5, the energy fraction function is much more sensitive to the 
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segment tip/tilt errors than the segment displacement errors for the off-axis sun. Also, the 

sensitivity to the segment displacement errors in the x or y directions is slightly larger 

than that to the segment displacement error in the z direction. Thus, during the solar 

reflector segment alignment, one should be careful to correct the segment tip/tilt errors 

that have a large effect on the energy distribution at the focal plane. The results presented 

here can work as reference charts for the segment alignments of this large solar 

concentrating reflector. 
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(c) 
Figure 5.7. Total energy fraction as a function of (a) the tip/tilt combined rms errors, (b) 
the segment x or y displacement rms errors and (c) the segment z displacement rms errors 
for the off-axis sun. 
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CHAPTER 6 

ANALYTIC MODELING OF SHORT-ARC DISCHARGE LAMPS 

In illumination design, an accurate source modeling is highly important since the 

lack of a comprehensive source model may cause an illumination system model fail to 

agree with experimental results. This chapter presents a new radiometric source model of 

short-arc discharge lamps. This source model, which is created in ZEMAX using a user-

defined surface, includes the near-field radiance and far-field irradiance distributions. 

First, the analytic formulas for the short-arc source modeling are described. Then this 

optical source model is tested and verified by comparing the real experimental 

radiometric characterization data of a 150W xenon short-arc discharge lamp.  

 

6.1 INTRODUCTION 

A light source is one of the most essential components of an illumination system. 

Throughout history, development of new light sources has been the driving force in the 

evolution of illumination engineering. The developmental trends of these new sources are 

usually towards higher efficiency, longer lifetimes, improved spectral characteristics, and 

the potential to give prescribed illumination [3]. Presently, there are many types of 

artificial light sources including incandescent, LEDs, lasers, arcs and others. Among 

them, the short-arc lamp is a type of source that generates light of ultrahigh radiance by 

using ionized gas that produces plasma discharge resulting from an electric current 



 
 

96

flowing through the gas. Depending on the gas contained between the two electrodes in 

the bulb, the short-arc lamps can be classified into neon, argon, xenon, krypton, sodium, 

metal halide, and mercury. The commonly known fluorescent lamp is actually a low-

pressure mercury arc lamp [73]. Figure 6.1 schematically shows the drawing of a short-

arc lamp and its luminance distribution near the short arc region. 

 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 6.1 (left) Schematic drawing of a short-arc lamp, and (right) luminance 
distribution near the short arc region. (Original plots are from the short-arc lamp product 
website of Hill Technical Sales Corp. 
http://www.hilltech.com/products/uv_components/Short_arc_lamps.html) 
 

Currently, different types of short-arc discharge lamps are commercially available 

and are used in many illumination systems. The main applications of short-arc lamps are 

projection display systems, in which they are a key component to achieve the highest 



 
 

97

efficiency for small display sizes [74-75]. Other applications include the lithography 

systems [76], the automotive headlights [77], the road lightings [78], the microscope 

systems [79], the photonic surgery lightings [80], and the biomedical diagnostics devices 

[81]. Source modeling of short-arc lamps is demanded as essential in modeling those 

illumination systems.   

Typically, source modeling methods can be classified into three types [1]:  

 Geometrical modeling 

 It starts with modeling the source geometry such as electrodes, supports, 

envelope and packaging, and ends with assigning assumed emission properties to the 

radiative components. 

 Radiance modeling 

It converts a goniometer measured 2D radiance distribution into a 4D model 

which represents a complete description of the lamp that can be used in a computer 

optical design program. 

 System modeling 

It integrates the geometrical model and radiance model to develop a  more 

thorough source model.  

A commonly used modeling method for the short-arc source is an advanced 

geometrical model or system model [82-83]. However, this kind of modeling can include 

a very tedious CAD development due to the complexity of representing the arc 

effectively using a geometric model. Radiance modeling is especially suited for the short-

arc source since a goniometer can be focused on the arc [1]. Due to the lack of an easy-
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to-use source model of short-arc discharge lamps in current optical design and analysis 

software, we developed a novel analytic source model and integrated it into ZEMAX as a 

user-defined surface through a dll file. The following section will address the details of 

this source modeling method.   

 

6.2 FORMULAS FOR SHORT-ARC SOURCE MODELING  

6.2.1 PROBABILITY LAW FOR ORIGINS OF RANDOM RAY TRACING (NEAR-

FIELD RADIANCE DISTRIBUTION WITHIN THE ARC) 

D. Nakar and J. M. Gordon et al. conducted radiometric characterization 

experiments of a 150 W xenon short-arc discharge lamp in 2007 [84]. As per their 

measurement results, the radiance distribution in the plasma arc region is shown in Figure 

6.2 here (Figure 6 in Ref. [84]), wherein the radiance is integrated over the entire 

spectrum and normalized by its peak value at the cathode tip. By observing this near-field 

radiance distribution pattern, we considered using a skewed quasi-Gaussian function as 

shown in Eq. 6.1 to simulate the radiance distribution of the short-arc lamp. This function 

is symmetric in the radial direction (r) and has an exponential tail in the axial direction (z). 

Figure 6.3 shows the isomeric view of one distribution figure plotted according to Eq. 6.1. 

Table 6.1 illustrates the different contour maps with different a and 0R values in Eq. 6.1.     
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Figure 6.2 Measured normalized radiance distribution in the plasma arc [84]. 
 
 

 

 
 
Figure 6.3 Mathematically simulated normalized radiance distribution in the plasma arc.  
 
 
 



 
 

100

Table 6.1 Contour maps with different a and R0 values 
 

 1a  2a  4a  8a  

25.00 R   

  
5.00 R   

  
10 R    

 
 
    
 

 
 

 
 

     (to scale) 
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By comparing Figure 6.2 and Figure 6.3, also the contour maps in Table 6.1 and 

Figure 6.1 (right) as well, we find that it is very promising to use Eq. (6.1) as a 

mathmatical fomula for describing the near-field radiance distribution of short-arc lamps. 

To further expand the flexibility, another exponential term is added, and the formula is 

modified as shown in Eq.(6.2): 
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The Monte Carlo ray tracings should be employed to trace a large number of rays 

in an optical analysis program so that the output radiance distribution will satisfy Eq. 

(6.2), which is considered as a probability function in the Monte Carlo statistics. In fact, 

the normalization factor N calculated above is obtained by requesting the total probability 

of finding a ray in the whole space as a unit. During each step of a Monte Carlo 

calculation, the user must achieve a random sample from a known probability law [85]. 

To specify this, first, a uniformly sampled random number over the interval (0,1) should 
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be assigned as equal to the cumulative distribution function that is calculated from 

integrating the prescribed probability function. Then, by solving the inverse of the 

equation of the cumulative distribution function, the origin position of a random ray will 

be known. Finally, after tracing a large number of random rays, the total radiance 

distribution will automatically obey the prescribed probability function. The concept of 

the Monte Carlo ray tracing for the source modeling is further illustrated as follows.  

For the radial part of the radiance probability function (Eq. (6.3)), its cumulative 

distribution function is shown in Eq. (6.5), where Pr is a random number sampled 

between the interval (0,1) during the ray tracing:  
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                (6.5) 

 
The inverse of Eq.(6.5) can be solved analytically as shown in Eq. (6.6): 
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0 rPRr                                                                          (6.6) 

 
For the axial part of the radiance probability function (Eq. (6.4)), its cumulative 

distribution function is shown in Eq. (6.7), where Pz is also a random number sampled 

between the interval (0,1) during the ray tracing. (In the later context, a random number 

uniformly sampled between the interval (0,1) will be denoted as rand (0,1).) 
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There is no analytical solution to the inverse of Eq. (6.7). An iterative Newton-

Raphson method [86] is used to solve the inverse of Eq. (6.7) numerically. Figure 6.4 (a) 
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shows the curves of z versus Pz, where the blue curve is the numerical plot of z as a 

function of Pz in MATLAB and the red curve is the numerical calculation result by using 

the Newton-Raphson method. Figure 6.4 (b) shows the calculation error in z using the 

Newton-Raphson method.    
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Figure 6.4 (a) Inverse of the cumulative distribution function Eq. (6.7) solved by the 
Newton-Raphson method (red curve); (b) Computation error is less than 1x10-8 with 30 
time iterations. 
 

Up to this point, we have discussed the concept of sampling the origins of random 

rays. To summarize, the radial postion r ( 22 yxr  ) of a random ray’s origin is 

determined by Eq. (6.6), where Pr = rand (0,1). Thus we have the x and y postions as:  

                                )_cos(* anglerandomrx                                                          (6.8) 
 

                                )_sin(* anglerandomry                                                           (6.9) 
 

where random_angle = 2π * rand(0,1). The axial position z of a random ray’s origin is 

obtained by calculating the inverse of Eq. (6.7) using the Newton-Raphson method as 

described above. A scaling factor Z0 is also applied for controlling the size of the source 

radiance distribution in the axial direction.  

      zZz *0
'                                                                                    (6.10) 
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6.2.2 PROBABILITY LAW FOR FAR-FIELD ANGULAR DISTRIBUTION/LAMP 

IRRADIANCE AND DIRECTION COSINES OF RANDOM RAY TRACING 

First, two parameters “TM” and “MT” are input by the user to define the region in 

which random rays are traced, where TM is the maximum angle in degrees and MT is the 

minimum angle in degrees with respect to the Z axis. Then a random angle can be 

sampled according to Eqs. (6.11) to (6.13). 

                      )180/*cos(11 TMpa                                                                  (6.11) 
 

                      )180/*cos(12 MTpa                                                                 (6.12) 
 

                      )))1,0(*)21(2(1(cos_ 1 randpapapaanglerandom              (6.13) 
 

A parameter called “I_type” can be input by the user to select the types of 

irradiance distribution pattern as shown in Eq. (6.14) to Eq. (6.16). The input value of 

I_type should be either 1 or 0. Usually for a short-arc source, I_type is selected as 1. 

          If I_type = 0,     )_cos(*00 anglerandomBAIrradiance                              (6.14) 

          If I_type = 1,      for the case of 090_ anglerandom  

      |)_sin(*)_cos(*| 321 anglerandomCanglerandomCCIrradiance   (6.15) 

                          for the case of 090_ anglerandom  

      |)_sin(*)_cos(*| 321 anglerandomDanglerandomDDIrradiacne    (6.16) 

where A0, B0, C1, C2, C3, D1, D2, and D3 are coefficients input by the user. 

Next, the direction cosines (l, m, n) for a random ray can be sampled. The 

direction cosine with respect to the Z axis is defined as Eq. (6.17): 

                     )_cos( anglerandomn                      (6.17) 
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A parameter called “Slice” that is set for the debugging purpose can be input by 

the user to select the ray tracing method as shown in Eq. (6.18) and Eq. (6.19).  

If Slice ≠ 0, all the random rays are traced within a plane that is parallel to the (Y, 

Z) plane. For this case, the direction cosines with respect to the X and Y axes are   
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 If Slice = 0, then      
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where )1,0(*2_ randangrandom  . 
 
 
6.3 SHORT-ARC SOURCE MODEL IN ZEMAX 

6.3.1. INPUT PARAMETERS FOR THE SHORT-ARC SOURCE MODEL 

A C program that generates a dll file is then written according to the sampling 

laws described in the above sections to establish a user-defined surface with the name of 

UA_SHORTARC_SOURCE in ZEMAX. This user-defined surface works as the source 

model of the short-arc dischage lamps. Table 6.2 lists the input parameters for this user-

defined surface in the ZEMAX data editor, and Table 6.3 gives a summary of each input 

parameter.   

Table 6.2 Input parameters for the short-arc source model in the ZEMAX data editor 
 
Input parameters in 
ZEMAX editor 

R0 Z0 b1 a1 b2 a2 TM MT   

Input parameters in 
ZEMAX extra data 
editor 

I_type A0 B0 C1 C2 C3 D1 D2 D3 Slice
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Table 6.3 Summary of the input parameters for the short-arc source model 
 
Input 
parameters 

Descriptions 

R0 
Beam waist in the radial direction (r) of the near-field radiacne 
distribution 

Z0 
Scaling factor in the axial direction (z) of the near-field radiance 
distribution  

b1, a1, b2, a2 Parameters to describe the axial near-field radiance distribution 

TM, MT 
TM: Maximum angle w.r.t. Z axis to control ray tracing region 
MT: Minimum angle w.r.t. Z axis to control ray tracing region 
(Rays are traced within regions between TM and MT.) 

I_type 
Flag to select the type of far field irradiance distribution (The value of 
this input parameter should be either 0 or 1.)  

A0, B0 If I_type = 0, |)_cos(*| 00 anglerandomBAIrradiance   

C1, C2, C3 
If I_type = 1 and random_angle < = 900 

|)_sin(*)_cos(*| 321 anglerandomCanglerandomCCIrradiance   

D1, D2, D3 
If I_type =1 and random_angle >900 

|)_sin(*)_cos(*| 321 anglerandomDanglerandomDDIrradiance 
 

Slice 

Flag to select the ray tracing pattern 
If Slice ≠ 0, all the rays are traced in a plane parallel to the (Y,Z) 
plane. If Slice = 0 (.ie. no slice is used), the rays are traced in the 
whole space.       

 

In some cases, parameters input by the user may cause unreasonable outputs or 

unfeasibility in calculations: for example, a zero in the denominator. For these special 

cases, the values of these input parameters should be reset to some default values. Table 

6.4 summarizes the cases that require re-setting the input parameters in the C program 

that generates the dll file.    
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Table 6.4 Cases of re-setting the input parameters to the default values 
 
Cases Default values 
If the input R0 < = 0 Set R0 = 1 
If the input a1< = 0 Set a1 =1 
If the input a2 < 0 Set a2 =1 
It the input b1=b2=0 Set the calculated z coordinate = 0 
If the input  
b1= -b2 and a1=a2 

Set the calculated z coordinate = 0 

If the input A0 = B0 = 0 Set A0 =1 
If the input C1= C2 = C3 = 0 Set C1 =1 
If the input D1= D2 = D3 = 0 Se1 D1 =1 

 

6.3.2. DEMONSTRATIONS OF THE SHORT-ARC SOURCE MODEL IN ZEMAX 

The above section introduces the input parameters for the user-defined surface. In 

this section, the usages of this short-arc source model in ZEMAX will be interpreted.   

6.3.2.1 NEAR-FIELD RADIANCE DISTRIBUTIONS OF THE SHORT-ARC SOURCE 

MODEL 

The near-field radiance distributions of the short-arc source model in ZEMAX 

including the radial and axial distributions are obtained by the prescriptions as shown in 

Table 6.5 and Table 6.6, where a paraxial lens is used to generate a point source, from 

which millions of random rays are traced according to the sampling laws for the short-arc 

source model. In the data sheets of ZEMAX, both “TM” and “MT” are set as 900, and 

“Slice” is set as 1 to trace all the random rays along the 900 direction in the (Y, Z) plane. 

The image plane ((X,Y) plane) works as a planar receiver. To get the radial radiance 

distribution, the rotation angle with the X axis in the “coordinate break” surface is set as 
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00 as shown in Table 6.5, while to get the axial radiance distribution, this rotation angle is 

set as 900 as shown in Table 6.6. The optical layouts of the two cases are shown in Figure 

6.5 and Figure 6.7 respectively. And as shown in Figure 6.6 and Figure 6.8, the 

“geometric images” represent the corresponding radial and axial radiance distributions. 

 
Table 6.5 Prescription for obtaining the radial radiance distribution of the short-arc 
source model 
 

Continued: 

 
 

 
Figure 6.5 Optical layout for the system prescribed in Table 6.5. 
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Figure 6.6 Geometrical image of the radial radiance distribution of the short-arc source 
model. 

 
 

Table 6.6 Prescription for obtaining the axial near-field radiance distribution of the short-
arc source model 
 

 
Continued: 
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Figure 6.7 Optical layout for the system prescribed in Table 6.6. 
 
 

 
 

Figure 6.8 Geometrical image of the axial radiance distribution of the short-arc source 
model. 
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Table 6.7 illustrated the radiance distributions of the short-arc source model with 

different input parameters, where the 3D surface profiles are plotted using IMAGEJ [87] 

by loading the corresponding geometric images.  

 
Table 6.7 Near-field radiance distributions of short-arc source models with different a1 
parameters. (For all the figures in this table, R0 = 0.4, Z0 =1, b1=1, b2 = a2 = 0.) 
 

 
a1 
 

0.2 0.8 1 2 8 

 
2D axial 
radiance 
distribution   
 
 

 
 
3D surface 
profile of the 
radiance 
distribution  
 
  

 

6.3.2.2 FAR-FIELD IRRADIANCE DISTRIBUTIONS OF THE SHORT-ARC 

SOURCE MODEL 

The far-field angle dependent irradiance distributions of the short-arc source 

model in ZEMAX is obtained by the prescriptions as shown in Table 6.8, which contains 

both the lens data sheet and the extra lens data sheet.  
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Table 6.8 Prescription for obtaining angle dependent irradiance distribution of the short-
arc source model: (a) lens data sheet, (b) extra lens data sheet.  
 

 
Continued: 

 
(a) 

 

 
(b) 

 
 

To get the far-field irradiance at a certain polar angle, for example 450, both “TM” 

and “MT” parameters are input as 45, and then the “percent efficiency” shown in the 

“geometric image” represents the far-field irradiance at 450 for the short-arc source 

described by all the other input parameters.  

Figure 6.9 shows the system layout and geometric image if the “Slice” parameter 

is set as 0, when the rays are traced in a ring cone with the corresponding polar angle at 

450. The “Slice” parameter can also be set as a non-zero number. Figure 6.10 shows the 

corresponding system layout and geometric image. In this case, all the random rays are 

traced within the (Y,Z) plane along the 450 direction. The “Slice” parameter only 
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determines the ray-tracing pattern but does not affect the received angle dependent 

irradiance. The “percent efficiency” shown in the geometric image remains the same 

since it is only determined by the input C1, C2, C3 (or A0, B0, D1, D2, D3) parameters 

and the polar angle.  

 

(a) 
 

                  
 

(b) 
 

Figure 6.9 (a) Optical layout and (b) geometric image for the system prescribed in Table 
6.8 (“Slice” is set as 0). 
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(a) 
 

       
 

(b) 
 

Figure 6.10 (a) Optical layout and (b) geometric image for the system with “Slice” set as 
non-zero. 
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6.4 TESTING EXAMPLE OF THE SHORT-ARC SOURCE MODEL 

In this section, the accuracy of the short-arc source model is tested with the 

radiometric data of a real short-arc source. As mentioned in Sec.6.2.1, D. Nakar and J. M. 

Gordon et al. presented radiometric characterization data of a 150W xenon short-arc 

discharge lamp [84]. The spatial and angular distributions of this type of xenon short-arc 

lamp are used to compare with the distributions obtained from the short-arc source model. 

 

6.4.1. RADIANCE DISTRIBUTION WITHIN THE ARC 

To determine the input parameters for this xenon short-arc lamp in the data sheet 

of the user-defined surface, a 3D surface fitting with the experimentally measured 

radiance distribution in the plasma arc (See Figure 6.2) is performed in MATLAB. Eq. (6.2) 

is used as the parameter fitting equation. Table 6.9 lists the values of fitting parameters.   

 
Table 6.9 Fitting parameters for the radiance distribution within the arc of the 150W 
xenon lamp. 
 
Parameters R0 b1 a1 b2 a2

Fitting Values 0.41 14.68 6.15 0.76 1.03 
 
 

The above parameters are input in the user-defined surface and give a geometric 

image as shown in Figure 6.11. The 3D surface profile of the near-field radiance 

distribution for the xenon short-arc lamp model is shown in Figure 6.12. 
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Figure 6.11 Geometric image of the near-field radiance distribution for the 150W xenon 
short-arc lamp modeled in ZEMAX. 
 
 

 
 

Figure 6.12  3D surface profile of the near-field radiance distribution for the xenon short-
arc lamp model. 
 
 

The intensity data contained in the geometric image of the xenon short-arc lamp 

model in ZEMAX are then exported and compared with the experimentally measured 
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radiance distribution in MATLAB. Figs. 6.13 (a) and (b) respectively show the measured 

radiance distribution and the modeled radiance distribution in the plasma arc of the xeon 

short-arc lamp. Figure 6.13 (c) illustrates the difference between the experimental data 

and the modeling data. It is found that the peak-valley of the difference between the 

experimental data and the modeling data is within 10% of the maximum radiance. On the 

other hand, the experimental uncertainty in the radiant flux measurements for the 150W 

xenon short-arc lamp was also estimated as 10%, dominated by the calibration accuracy 

of the photodiode sensors used in the measurement [84]. Thus, this source model works 

reliably in modeling the radiance distribution within the plasma arc for the short-arc 

lamps.  

 
(a) 
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Figure 6.13 (a) Measured radiance distribution and (b) modeled radiance distribution in 
the plasma arc of the xeon short-arc lamp; (c) difference between the experimental data 
and the modeling data. 
 

Figure 6.14 shows the 2D cross-section profiles of the radiance distributions 

within the plasma arc of the 150W xenon short-arc lamp. Figure 6.14 (a) is the radial 

profile when z = 0, (b) is the radial profile when z = 1mm, and (c) is the axial profile 
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when r = 0, where the blue and red lines represent the experimental data and the source 

model data respectively. It is also found that the 2D cross-section profiles of the 

experimental data and the source model data match well with each other, with a 

difference within 10% of the maximum radiance.  

 

 
(a) 

 
 

 
(b) 
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(c) 

 
Figure 6.14. 2D cross-section profiles of the radiance distributions within the plasma arc 
of the xenon short-arc lamp: (a) radial profile when z = 0, (b) radial profile when z =1mm 
and (c) axial profile when r = 0. (Blue line: the experimental data; red line: the source 
model data.) 
 
 

6.4.2. ANGULAR DISTRIBUTION OF LAMP IRRADIANCE  

A comparison between the measured angle dependent irradiance distribution of 

the xenon lamp and the source model data is performed similarly to the methods 

discussed in Sec.6.4.1. First, the measured angle dependent irradiance distribution of each 

spectral band is fitted with Eq. (6.15) to give the input parameters in the extra data sheet 

of the user-defined surface in ZEMAX. Eq. (6.15) is used here since all the polar angles 

are smaller than 90° in the experimental measurement [84]. Table 6.10 lists the fitting 

parameters for the far-field irradiance distribution of this xenon lamp. These parameters 

are then input in the extra data sheet of this xenon source model in ZEMAX with the 

“I_type” parameter set as 1.  
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Table 6.10 Fitting parameters for the angle dependent irradiance distributions of the 
150W  xenon lamp. 
 

 
To determine the angle dependent irradiance distribution from the source model, 

first, the “TM” and “MT” values should be set as the same so that all the rays are traced 

towards a specific angle. Then after the ray tracing, the “percent efficiency” in the 

geometric image is read out as the modeled irradiance at that specific angle. Figure 6.15 

illustrates the angle dependent irradiance of each spectral band EΔλ(θ), where the 

irradiance is normalized by the spectrum-integrated maximum irradiance at the polar 

angle θ = 90° (E(90°)). Figure 6.16 shows a polar plot of relative irradiance integrated 

over the full spectrum (350 nm to 2500 nm) E(θ) for the full lamp. The irradiance is 

normalized by its maximum value at the polar angle θ = 90° [the same normalization as 

in Figure 6.15]. The dotted curves in Figure 6.16 are based on the assumption of 

symmetry in both azimuthal and polar angle (for the latter, in the sense that irradiance is 

the same at the polar angle θ and –θ) [84]. For all the plots in Figure 6.15 and Figure 6.16, 

the polar angle θ is defined relative to the Z axis, which is along the axial direction of the 

                     Coefficients        
 
Spectral band 

C1 C2 C3 

350-750 nm -0.1349 0.05677 0.2562 

750-1100 nm -0.1674 0.03972 0.4522 

1100-1600 nm -0.03881 -0.0122 0.3254 

1600-2500 nm 0 0 0.31 
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short-arc lamp, and the blue lines represent the experimental data, while the red lines 

represent the source model data. 

As shown in Figure 6.15 and Figure 6.16, the measured and modeled angle 

dependent irradiance match well with each other (the differences are within 2% of 

E(90°)), indicating that Eq. (6.15) (also Eq. (6.16) as well ) is a reliable modeling formula 

for the angle dependent irradiance distribution, and that the short-arc source model in 

ZEMAX functions correctly in modeling the far-field angle dependent irradiance 

distribution.  

  

Angle dependent irradiance data of each spectral band
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(a) 
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(b) 

 
 

 
(c) 
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(d) 

 
Figure 6.15 Angle dependent irradiance distribution for each spectral band. (Blue line: 
the experimental data; red line: the source model data.) 
 
 
 

 
Figure 6.16 A polar plot of relative irradiance integrated over the full spectrum (350 to 
2500 nm) (Blue line: the experimental data; red line: the source model data.) 
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6.5 CONCLUSION 

In this chapter, an analytic short-arc source model is established in ZEMAX. This 

source model is easy-to-use, only requiring parameterizing the measured 

radiance/irradiance distributions of a real short-arc lamp. The accuracy of this source 

model is verified by comparing it with the radiometric characterization data of a 150W 

xenon short-arc lamp including the near-field spatial radiance distribution and far-field 

angle dependent irradiance distribution. The testing results indicate that this source model 

can work as a reliable and useful model for the short-arc discharge lamps 

.  
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CHAPTER 7  

SOFTWARE CONFIGURABLE OPTICAL TEST SYSTEM - A LOW-

COST, FLEXIBLE, HIGH DYNAMIC RANGE TEST FOR FREE-

FORM OPTICAL SURFACES 

 

This chapter introduces and investigates the Software Configurable Optical Test 

System (SCOTS) - a computerized “reverse Hartmann test” [48] that can rapidly, 

robustly and accurately measure complex three-dimensional specular free-form surfaces 

in a non-contact manner.  

In this chapter, the basic principle of the SCOTS method is described. Then the 

data collection and unwrapping methods, including the centroiding and line-scanning 

method and the phase-shifting method, are explained. The experimental results of 

measuring a 3-m segmented paraboloidal solar reflector, a 3.75-m spherical mirror and an 

8.4-m Giant Magellan Telescope (GMT) mirror segment are presented. Preliminary 

experiments of SCOTS for an F/0.2 concave automotive headlight reflector are also 

introduced. This chapter concludes with a summary and an outlook for future work.  
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7.1 BASIC PRINCIPLE OF SCOTS 

SCOTS is a slope test that measuring specular surface by either uses a 

triangulation principle or measuring transverse ray aberrations. The first method is for 

testing a single surface, while the second for testing an optical system. 

 

7.1.1 SCOTS TESTING OF A SINGLE OPTICAL SURFACE 

The basic idea of using SCOTS to test a single surface was initially suggested by 

Professor Roger Angel as an inexpensive and quick test method for the relatively low 

accuracy large-scale solar concentrators [51] that he was making at the Steward 

Observatory Mirror Laboratory (SOML). In Angel’s notion, an up-scale laptop with a 

built-in camera could realize his requirements. As shown in Figure 7.1, a computer or TV 

monitor is set up with its screen near the center of curvature and facing the mirror under 

test. If a single pixel is lit up on the otherwise dark screen, the image of the mirror, which 

is captured by the camera CCD detector, will show a bright region corresponding to the 

areas on the mirror where the angle of incidence of the light from the screen is equal to 

the angle of reflection back to the camera. The angular bisector of the incident ray and 

reflected ray is normal to the surface at the bright points. Based on the triangulation 

principle, if the coordinates of the lit screen pixel, the camera aperture, and the reflection 

in the mirror of the lit pixel (the mirror pixel) are known, the surface slopes (sx, sy) at the 

bright points can be calculated as shown in Eq.7.1:  
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                    (7.1.b) 
 

where xm and ym are the coordinates of the test surface, which can be obtained from the 

calibrated mirror picture (bright region); xscreen and yscreen are the coordinates of the bright 

screen pixel and can be determined as discussed below (Eq. 7.3) ; xcamera and ycamera are 

the coordinates of the camera;  zm2screen and zm2camra are the z coordinate differences 

between the mirror and the screen, and between the mirror and the camera; dm2screen and 

dm2camra are the distances between the mirror and the screen and between the mirror and 

the camera; xcamera, ycamera, zm2screen, zm2camra, dm2screen and dm2camera can be obtained from 

geometric measurements and calibration. In Eq.7.1, the slopes are functions of the surface 

shape (s (xm, ym)) itself. A CAD model or measurements from other test methods can 

supply a good initial estimate of the surface shape. The integrated sag from the slope 

calculations can be put back into Eq. 7.1 to iteratively calculate the slopes and sags, as is 

commonly done to solve differential equations. The surface shape can then be obtained 

by integrating surface slopes using either polynomial fitting to the surface slopes or zonal 

integration methods [49, 88]. 
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Figure 7.1 Test geometry of SCOTS 
 

7.1.2 SCOTS TESTING OF AN OPTICAL SYSTEM     

To measure an optical system that is composed of multiple reflective and/or 

refractive optics, transverse ray aberrations are measured by SCOTS and compared with 

the theoretical values.  Integrating the transverse ray aberrations gives the wavefront 

errors w (x, y) (departure of wavefront from ideal reference sphere) of the optical system 

according to the relations given by Eq. (7.2.a) and Eq. (7.2.b), where x and y are the 

coordinates on the exit pupil, rc  is the radius of the exit pupil of the optical system, and R 

is the radius of curvature for the reference sphere. 
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The surface shape of the component under test can be determined by simulating 

the system in ZEMAX using the calculated wavefront errors.  

Figure 7.2 schematically shows an example of using SCOTS to test a free-form 

lens system. For evaluation of the lens imaging performance, a CCD camera is located at 

the object position, and the microdisplay is placed at the image plane. In certain 

circumstances, SCOTS can provide lens manufacturers with a new tool for lens system 

evaluation. 

 

 

 
Figure 7.2 SCOTS setup for measuring imaging performance of lens systems in 
transmission. 
 

7.2 SCOTS DATA COLLECTION AND UNWRAPPING 

Two separate data collection and unwrapping programs, using the centroiding and 

line-scanning method, and the phase-shifting method, have been developed for SCOTS. 

Sec.7.2.1 overviews the centroiding and line-scanning method that was proposed and 

developed by Peng Su [48]. Sec.7.2.2 overviews the phase-shifting method and multiple-
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wavelength algorithm, which were integrated in the SCOTS software by the author 

(Lirong Wang). 

 

7.2.1  CENTROIDING AND LINE-SCANNING METHOD 

The SCOTS test is analogous to doing a traditional Hartmann test [49] with the 

light going through the system in reverse. As shown in Figure 7.3, in a Hartmann test, a 

point source of light at the center of curvature reflects off the surface being tested. The 

Hartmann screen divides the pupil into numerous sample regions and the light from each 

of these regions is refocused on a detector. The positions of the refocused light spots 

indicate the slope of the surface in each of the regions and these slopes can be compared 

with those for a theoretically perfect surface. In the case of SCOTS, shown in Figure 7.1, 

it is useful to visualize the system backwards when performing the optical design for the 

test geometry, where the rays start from the camera aperture, hit the mirror, and reflect to 

the screen. Now the screen has the function of the detector in the Hartmann test, while the 

camera works as the point source. Moreover, since the camera takes the pictures of the 

mirror during the test, it also supplies information about the pupil coordinates 

(measurement positions at the mirror), which correspond to the Hartmann screen hole 

positions.  
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Figure 7.3 Test geometry of the Hartmann test. 
 

As illustrated in Figure 7.4 below, in SCOTS, each illuminated camera pixel 

samples a certain region of the test mirror, which will be called a mirror pixel in the later 

discussions. The camera’s working magnification and its pixel size are the largest factors 

in determining the spatial resolution of the test. Depending on the size of the mirror pixel, 

multiple screen pixels can light up the same mirror pixel. Similar to the Hartmann test, 

the average slope at the mirror pixel can be measured by evaluating the centroid (first 

moments) of the screen pixels [89] with Eq. 7.3 as shown below, and then substituting the 

centroid values back into Eq. 7.1 or Eq.7.2, where in Eq.7.2 the transverse ray aberrations 

corresponds to the centroid values.                                                            
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As shown in Eq. 7.3, the centroid of the screen pixels ( screenx , screeny ) can be calculated 

from a light intensity weighted average using effective screen pixels (ESPs). Pixel light 

intensities can be determined from the camera images. In reality, to get enough light, 

instead of closing the iris of the camera to infinitely-small, a finite aperture is used. This 

is similar to the case of using a light source with a finite size in the Hartmann test.  

Analogous to the average slope concept, this assumes that the slope measurements are 

unbiased as long as the camera aperture size is within a certain range. 

 

Figure 7.4 Geometry of multiple screen pixels lighting up the same mirror pixel. 
 

As suggested by Roger Angel, an intuitive way to run this test is to light up a 

single screen pixel, take a picture of the mirror, find the corresponding mirror pixels and 

then calculate the surface slope. However the pixel-by-pixel method makes the test 

process slow. To speed up the test, multiple pixels should be lit up simultaneously. 

However, when several arbitrary pixels are lit up on the screen simultaneously, multiple 

mirror pixels may be lit up by the light from those screen pixels, and we will have 
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mapping ambiguities between the screen pixels and the mirror pixels so the slope cannot 

be calculated with certainty. Peng Su proposed a line scanning method of requiring the 

screen pixels be lit up as a line to solve this issue [48]. As shown in Figure 7.5, pixels in a 

bright line have the same coordinates, for instance y, in the screen coordinate system. If 

the mirror and the camera also use this coordinate system, the surface y slope at certain 

mirror pixels can be determined without the need of knowing which screen pixels 

correspond to a certain mirror pixel. By illuminating mirror pixels with an orthogonal 

bright line (x), the surface x slope can be obtained. Scanning line by line in x and y, the 

full mirror surface slope can be obtained.  

 

 

 

 

 

 

 

 

Figure 7.5 Geometry of line-scanning method. 
 

 

Another interesting feature in the line-scanning method is that, by manipulating 

the data stored in the computer, the mapping between the mirror pixel and the screen 

pixel can be resolved even when the two sets of slope data are not orthogonal or the two 
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slope directions are not well-known. With the line scanning method, mirror pixels 

corresponding to an individual line on the screen can be determined for horizontal (H) 

and vertical (V) lines (the H and V lines do not need to be orthogonal). To determine the 

mapping relation between mirror pixels and the individual pixels at the screen, each 

computer stored H (or V) line is compared with all the V (or H) lines. If there are 

common regions lit up at the mirror from an H and a V line, then the screen pixel at the 

intersection is the screen pixel lighting up the common regions at the test surface. In this 

way, the mapping relationship between the mirror pixels and the screen pixels is precisely 

corresponding to individual screen pixels. Figure 7.6 (a) and (b) show this line 

intersection concept with the data from measuring a trapezoidal solar reflector. In reality, 

the corresponding mirror images of the horizontal and vertical lines are obtained 

separately and are compared in the computer memory. 

 

                

                                              (a)                                       (b) 

Figure 7.6.(a) Horizontal and vertical scan lines, (b) corresponding mirror images of the 
trapezoidal solar reflector. The interception point in (a) is the corresponding illumination 
source for the fringe overlapping regions at the mirror image. 
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7.2.2 PHASE SHIFTING METHODS 

After a literature search followed by some initial SCOTS experiments, it was 

found that SCOTS uses the same basic test geometry as the fringe reflection technique 

[46] or phase measuring deflectometry (PMD) [47] , where a surface is illuminated with 

an LCD screen and a reflected image is used to determine surface slope variations. In 

PMD, at least two sets of slope data in orthogonal directions are needed for obtaining the 

complete gradient information of the surface. This is done by projecting orthogonal 

fringe patterns. Thus, in addition to solving the slope data calculation and the slope 

unwrapping in the test with a centroiding method and a line scanning method, we 

explored the traditional phase shifting data reduction method as used in PMD.  

As stated in Sec. 7.2.1, the line-scanning method clearly speeds up the test 

process. To further speed up the test, it is possible to scan multiple lines simultaneously 

with different intensities. The mapping ambiguities between lines are solved by intensity 

coding. Sinusoidal fringes in x or y directions are generated by the screen and used for 

illuminating the test surface. By phase shifting the fringes and taking pictures, the phase 

value which corresponds to a screen pixel coordinate at a certain mirror pixel can be 

determined. This is where the phase shifting method for PMD come from. The light 

intensity from the screen that enters the aperture of the camera can be described as: 

                                    )/2cos( tprbaI                                              (7.4) 

where pr /2  is the phase to be found, a and b are the background intensity and 

amplitude modulation respectively, r is the screen pixel coordinate, p is the period of the 

sinusoidal fringe, and t is the additional phase shift. For example, in a four-step phase 
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shifting algorithm [50], t can be 0, π /2, π, and 3π /2 and is controlled by adjusting the 

light intensity of the screen. Four images of the mirror, corresponding to the four-step 

phase shifting patterns, will be collected. If the intensity value at each mirror pixel is I1, I2, 

I3 and I4, then the phase value pr /2  can be calculated using Eq. 7.5: 

                                           ]arctan[/2
31

24

II

II
pr




                                               (7.5) 

 
Using Eq. 7.4 and 7.5, the position r on the screen as corresponding to a certain mirror 

pixel can be determined, meaning the mapping relations between the screen pixel and the 

specific mirror pixel is known. When more than one screen pixel illuminates the same 

mirror pixel, Eq. 7.4 and 7.5 mathematically will give the averaged phase, since I1, I2, I3 

and I4  naturally are the sum of the intensities from those pixels.   

Figure 7.7 illustrates the process of the phase-shifting calculations that is 

simulated in MATLAB. First, the test geometry of a paraboloidal mirror under test is 

designed in ZEMAX based on the inverse Hartmann test concept, in which the camera 

works as the point source and the screen has the function of the detector, as shown in 

Figure 7.7 (a). A spot diagram, as shown in Figure 7.7 (b), will indicate the area of the 

screen needed for SCOTS to test the full mirror surface. A macro is used to read the 

coordinates of the spots on the mirror surface and on the screen. Then, if a sinusoidal 

fringe is used to encode the intensity of the screen pixels, the intensities at the 

corresponding mirror pixels can be determined, as they are related to each other from the 

ray tracing results. Figure 7.7 (c) shows the corresponding mirror images by projecting 

four phase-shifting one-period y sinusoidal fringes from the screen. By using Eq. (7.5), 
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the phase 2πr/p for each mirror pixel is determined, as shown in Figure 7.7 (d). Thus the 

position r of the screen pixel that lights up a certain mirror pixel is determined. Then the  

y slope of the mirror can be calculated by using  Eq. (7.1.b).  

                                         

(a)                                                      (b) 

 
(c) 

 
(d) 

Figure 7.7 (a) Design model of a paraboloidal mirror based on the reverse Hartmann test 
concept, (b) spot diagram on the screen, (c) phase shifting  patterns on the paraboloidal 
mirror, and (d) unwrapped y phase on the mirror. 
 
 

The period of sinusoidal fringe should be reduced in order to increase the test 

accuracy of SCOTS. Figure 7.8 shows how the phase-shifting process can be used to test 
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a fast mirror by projecting three-period sinusoidal fringes from the screen.  For the case 

of projecting more than one period of fringe, the calculated phase needs to be unwrapped 

to each period. The phase unwrapping is realized, using the method in Ref. [90], by 

assuming the phase difference between the adjacent mirror pixels is less than π.  

                                             
 

(a)                                                    (b) 

 

(c) 

 
(d) 

Figure 7.8 (a) Design model of a fast mirror based on reverse Hartmann test concept, (b) 
spot diagram on the screen, (c) phase shifting  patterns on the fast mirror, (d) unwrapped 
y phase on the fast mirror.  
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Mapping ambiguities can still exist when the mirror is not smooth, such that the 

phase difference between the adjacent mirror pixels is more than π. This is exactly the 

same phase unwrapping issue faced in interferogram analysis. This phase unwrapping 

ambiguity can be solved by the multiple-period method as discussed in Ref. [91]. The test 

first starts with a one-period fringe to naturally determine the phase at each mirror pixel. 

Then the fringe period is reduced to increase the test accuracy. However the limitation to 

this unwrapping technique is that the dynamic range of the test will be limited by the one-

period fringe screen region. Many commercial LCD displays only have 256 light 

intensity levels. The 256 × 2 × screen pixel width will be the usable screen region without 

any phase ambiguity. By scanning the fringe, the dynamic range can be further increased. 

The unwrapping process can be done by scanning a one-period sinusoidal fringe, where 

the fringe has a relatively short period to achieve the required phase measurement 

accuracy. 

The phase shifting method and the multiple-period process have been 

implemented in the SCOTS software and are used to test the 8.4-m segment of the Giant 

Magellan Telescope primary mirror. The test results will be shown in Sec. 7.3.2. 

 

7.2.3 COMPARISON OF THE CENTROIDING AND LINE-SCANNING METHOD 

WITH THE PHASE SHIFTING METHOD IN SCOTS 

 
Similar to multiple-period method and other temporal phase unwrapping 

algorithms, the line scanning method solves the unwrapping issue in the time domain. If 
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each time the test mirror is illuminated with one line of screen pixels and the lit mirror 

pixels are located, the mapping relation is uniquely determined. So scanning line by line, 

with a threshold value for throwing away noisy data, supplies a robust and brute force 

solution to this unwrapping issue in PMD. In this way, many phase unwrapping problems 

encountered in an interferogram analysis [92] can be avoided. The multiple-period 

method uses several fringe periods based on the noise in the phase data, because phase 

errors in a measurement with long period fringes can sometimes be bigger than the period 

used by a measurement with short period fringes. The phase ambiguity issue will still 

exist if there are no measurements with intermediate periods. Unwrapping with the line 

scanning method, on the other hand, does not suffer the effects induced by phase errors in 

any way and has no dynamic range limitation once the screen size is fixed, compared 

with the multiple-period method; however, it does require more time to collect the data 

during the test.  

Fundamentally, the data unwrapping is an issue because of the need to find the 

mapping relationship between the mirror pixels and the corresponding screen pixels. The 

mapping relations between mirror and projection screen can be made by centroiding from 

scanning lines on the screen or by projecting sinusoidal fringes and using phase shifting.  

Table 7.1 summaries the general differences between these two methods. Ref. [48] 

addresses a detailed comparison between the centroiding and the phase shifting method. 
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Table 7.1 Comparison between the centroiding and line scanning method and the phase 
shifting method. 

 

 

7.3. EXPERIMENTS  

7.3.1. SCOTS FOR SOLAR REFLECTOR 

As discussed in Section 7.1, the SCOTS was initially developed as a low-cost and 

fast method for measuring the “slumped” solar reflectors [51], for which the required 

quality of the solar concentrator falls in a middle ground between precision optics and 

architectural glazings. In this section, the test results for a 3-m, F/0.5 segmented 

paraboloidal solar reflector are presented. In this test, the centroiding and line scanning 

method were used to collect and reduce the data.  

Comparisons Centroiding and line-scanning 
method 

Phase shifting method 

Sensitivity on 
the light 
variations 

Insensitive to the light variations 
in the temporal domain 

insensitive to the light 
variations in the spatial domain 

Requirement on 
the screen 

Can use maximum light intensity at 
each screen pixel and thus gives 
greater signal-to-noise ratio for 
many test situations. However it 
requires high spatial light 
uniformity on the screen for a high 
accuracy measurement.   

More sensitive to the light 
intensity linearity of the screen. 
Thus a good calibration may be 
needed for an accurate 
measurement. 

Test speed Data collection is relatively slow Data collection is fast 
Application 
(Further 
investigations 
are needed to 
draw the 
conclusion.) 

From our experience, this 
method is good for low accuracy 
optical surfaces or surfaces with 
complex shapes.  

From our experience, this 
method is good for large and 
high precision optics. 
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7.3.1.1. INITIAL SOLAR PANEL TEST 

We first utilized SCOTS to measure an off-axis solar reflector segment.  A screen 

and camera was set up at the center of curvature of this solar reflector segment that had a 

trapezoidal shape about 1-m long by 85-cm at the long end.  

Figure 7.9 shows the data reduction result of the solar collector segment, where 

Figure 7.9 (a) and (b) shows the x and y slopes for the segment after the overall low order 

shape was removed, while Figure 7.9 (c) shows the mirror shape errors from slope 

integration. The linear pattern and line down the middle shown in the figures are real 

errors resulting from machining imperfections in the mold of the solar panel. This high 

frequency shape information obtained from the SCOTS test is essential for improving the 

fabrication process.  

                               

(a)                                                    (b) 
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(c) 

 
Figure 7.9 (a) x slope errors for the off-axis piece of a solar concentrator measured with 
SCOTS (color scale in milliradians), (b) y slope errors, and c) integrated surface shape, 
after removing overall low order shape (color scale in mm). 
 
 

Further data reduction was performed by fitting the low-order shape data, as 

shown in Figure 7.10, with a best fit off-axis parabola to calculate the mirror’s radius of 

curvature (ROC) and the off-axis distance. The data analysis shows that the ROC of the 

mirror is 3 m ± 5mm and the off-axis distance is 750 mm ± 2mm. 

 

Figure 7.10 Low order surface shape for the solar panel obtained from polynomial fit 
(color scale in mm). 
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7.3.1.2 SCOTS FOR FULL SEGMENTED SOLAR CONCENTRATOR 

The optical analysis of a large segmented solar concentrator as discussed in 

Chapter 5 shows that the tip/tilt errors of solar panels can cause severe energy spreads at 

the focal plane of solar concentrator. Thus an efficient method is needed to correct the 

tip/tilt errors of the solar panel during the alignment process. SCOTS is used here to 

guide the alignment process of the solar panels for a 3-m diameter solar concentrator. As 

illustrated in Figure 7.11 (a), thirteen of the above off-axis paraboloidal solar panels were 

assembled into a 3-m diameter solar concentrator at the University of Arizona to be used 

as a solar collector demonstration experiment. We utilized SCOTS to test the quality of 

the full solar concentrator. Figure 7.11 (b) shows the SCOTS hardware setup, which 

contains a 40” LCD screen placed at the center of curvature of the concentrator and a 

PointGrey Research FLEA camera [93], with a field of view of about 1 radian, mounted 

at the long edge of the LCD and focused on the full extent of the concentrator.  

Figure 7.12 (a), (b) and (c) shows the slope data and surface shape after removing 

the overall paraboloidal shape. It is shown in Figure 7.12 (a) that two of the segments 

(one in the bottom and another in the left corner) are substantially out of alignment with 

the others. The net performance of the solar concentrator is described by its light angular 

spread (twice the surface slope errors) at the focal plane, as shown in Figure 7.15 (d), 

where x angular error rms = 0.0024 radians and y angular error rms = 0.0012 radians. 

After the re-alignment of individual solar panels by adjusting their tips/tilts, the new set 

of slope data and surface shape were measured again by SCOTS and are illustrated in 

Figure 7.13. From the slope data, we can see that the panel misalignments have been 
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corrected. Figure 7.13 (d) indicates that the re-aligned solar concentrator has a smaller 

light angular spread, where x angular error rms = 0.0017 radians and y angular error rms 

= 0.0014 radians. As discussed above, SCOTS can be a very efficient testing tool for 

guiding  segment production and alignment of large, segmented solar concentrators. 

                                                                                                                        

                                      (a)                                                                   (b)                                         
Figure 7.11 (a) A segmented 3-m, f/0.5 solar concentrator built at the University of 
Arizona; (b) hardware setup of SCOTS. 
 

 

 

 

 

 

 

(a) 
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(b) 
 
 

 

(c) 
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(d) 
 
Figure 7.12 Before panel re-alignment: (a) x slope errors for the full segmented solar 
concentrator measured with SCOTS (color scale in milliradians); (b) y slopes; (c) 3-
dimentional surface shape after removing overall paraboloidal shape (color scale in mm); 
(d) light angular spread of solar concentrator (unit in radians). 
 

 
(a) 
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(b) 
 

 

(c) 
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(d) 
Figure 7.13 After panel re-alignment: (a) x slopes for full segmented solar concentrator 
measured with SCOTS (color scale in milliradians); (b) y slopes; (c) 3-dimentional 
surface shape after removing overall paraboloidal shape (color scale in mm); (d) light 
angular spread of solar concentrator (unit in radians). 
 

7.3.2. SCOTS FOR PRECISION OPTICS 

It is found that SCOTS can be used with high performance for measuring 

precision optics. We recently performed a SCOTS measurement of a 3.75-m fold sphere 

that is used for the GMT optical null test [94]. Figure 7.14 shows the comparison 

between the SCOTS and the interferometric test.  The spatial resolution is similar.  The 

magnitudes of the features that are measured are virtually identical.  Only 16 

measurements were taken and averaged for the SCOTS data while 80 interferograms 

were averaged. There are still random components left in the SCOTS data. More 

averaging would further improve the test accuracy. The differences are dominated by 
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regions where the interferometer suffers from diffraction and sampling problems due to 

high spatial frequencies and large slopes. 

 

 

Figure 7.14 Comparison of 3.75-m fold sphere figure between interferometer and SCOTS.  
The low order alignment terms and astigmatism, coma, trefoil and primary spherical 
aberration have been removed from this set of data (color scale in μm). 

 

The low order terms are not shown in the above figures because they are 

dominated by the alignment accuracy the camera distortion correction, which have not 

been controlled for SCOTS yet. Table 7.2 lists the low order aberrations in the large fold 

sphere test. The exact numbers shown in the table are changing with time as the mirror 

shape of the fold sphere is changing with time. Two sets of SCOTS data are shown in the 

table. In the SCOTS test, the positions of the screen and camera are obtained with a laser 

tracker ball. The test on July 25 did not take laser tracker data for position information. 

Thus position drift is expected in that set of data.  Data of July 25 show that each of the 

low order terms have been well-determined to better than 10 nm rms and comparable 
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with the interferometric test, except the astigmatism terms.  Based on analysis now under 

way we anticipate that a careful calibration of the SCOTS test geometry can improve the 

test accuracy to the 1 nm rms level for both low order and higher spatial frequency data. 

 

Table 7.2 Low order aberrations (nm rms) in the large fold sphere SCOTS test and 
interferometric test 
 

Zernike  
terms 

SCOTS Test 1 SCOTS Test 2 interferometric 
test(changing with 
time) Jul22_1 Jul22_2 Jul25_1 Jul25_2 Jul25_3 Jul25 _4 

Piston   (Z1) 0 0 0 0 0 0 0 

Tilt x    (Z2) 0 0 0 0 0 0 0 

Tilt y    (Z3) 0 0 0 0 0 0 0 

Power  (Z4) 0 0 0 0 0 0 0 
Sine 
Astigmatism 
(Z5) 

-47.539 -29.902 93.142 109.543 114.168 105.701 -19 

Cosine 
Astigmatism 
(Z6) 

-15.688 -13.769 144.468 178.557 164.707 131.226 39 

Sine Coma 
(Z7) 

12.949 5.259 -9.743 1.689 -4.439 6.356 -9 

Cosine Coma 
(Z8) 

-5.217 2.097 -12.469 -0.412 2.428 3.673 3.1 

Sine Trefoil 
(Z9) 

-22.146 -17.202 1.498 -0.4043 -7.0814 -11.2679 0.9 

Cosine 
Trefoil 
(Z10) 

-11.865 11.303 -7.801 -31.2547 -8.2653 -2.5645 5.4 

Spherical 
(Z11) 

15.071 20.276 8.012 13.2325 9.4917 6.6461 15 

 
 
 

A SCOTS performance analysis is also performed based on a 1D power spectral 

density (PSD) calculation to evaluate its performance at different mirror frequencies. 

Here only effects from random slope errors are considered. 
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 The PSD analysis is based on the following assumptions: 

 Surface slope uncertainty  σslope= 0.3*10-6 radians rms.  

 Measurement spacing = fold sphere diameter/ 500 camera pixels = 3.8 m/500=7.6  

mm.  

 Frequency distribution for the slope noise is flat. 

Eq. (7.6) and Eq. (7.7) [95] are used to estimate the PSDsag. 
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Figure 7.15 provides the relationship of  PSDsag versus the spacial frequency of 

the surface slope error. According to the analysis, PSDsag of the high spacial frequency 

slope errors is less than that of the low spacial  frequency errors. This result indicates that 

the SCOTS test has better accuracy for the high frequency slope error. 

 

Figure 7.15 PSDsag curve as a function of special frequency (in log scale). 
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The surface sag uncertainty can also be estimated by using Eq.(7.8) [95]:                                  

                                  
fPSDsagsag   (m)                                       (7.8) 

 
Taking Δf =1m-1 for one point, we have the following results for example, σsag (0.5 

cycle/m) = 8.3nm and σsag (60 cycle/m) = 0.07nm. Therefore, it is estimated that the 

accuracy of SCOTS test can reach nm level.  

Peng Su et al.[96] successfully applied SCOTS to a large optics project where 

there was difficulty getting good interferometric data at the edge of the steeply aspheric 

8.4-m diameter off-axis primary mirror segment of the Giant Magellan Telescope (GMT) 

[94] being polished at the SOML. The  interferometric GMT test used a set of null optics 

that included a 3.75-m tilted sphere, a 1-m sphere, a set of computer generated holograms 

and an instantaneous phase shifting interferometer [94]. All the interferometric null test 

optics except the 3.75-m sphere were mounted on an optical bench known as Sam. For 

the SCOTS test, the LCD monitor screen and CCD camera were placed above Sam and 

only used the 3.75-m tilted fold sphere as part of the test, as shown in Figure 7.16. In this 

test configuration, the SCOTS test was non-null. Figure 7.17 (a) and (b) respectively 

show the corresponding images of  the GMT mirror by displaying 100 and 160 periods of 

sinusoidal fringes in  x and y directions on the screen. By observing the fringe images on 

the mirror, the slope errors at the edge of the GMT mirror can be clearly seen. Figure 

7.17 (e) shows the GMT surface data measured by SCOTS and measured 

interferometrically where 24 low-order Zernike terms were removed from the maps 

because low order calibration was not yet finished.  It was found that within 90% of the 
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mirror aperture diameter, the SCOTS data compared well with the interferometric data 

for the high-order aberrations, and the SCOTS data has less noise and diffraction effects 

than seen in the interferometric data. The SCOTS test is now being used to guide surface 

figuring of the GMT primary mirror.   

In this test, the phase shifting method and the multiple-period process are used to 

collect and reduce the data. The transverse ray aberrations are measured and used to 

calculate the surface errors, because the GMT SCOTS test contains both the GMT 

primary mirror and the 3.75-m fold sphere. The following analysis explains the reason 

that the principal interferometric test cannot get good interferometric data at the edge of 

the GMT mirror.  

 The fringe spacing on the screen are:  Fx =1280*0.264 mm /100=3.3792 mm and 

Fy=1024*0.264 mm /160 = 1.6896 mm, where 100 x 160 are the period numbers of 

the   sinusoidal fringes in the x and y directions, 1280 x 1024 are pixel numbers of 

the screen, and  0.264 mm is the pixel size of the screen. Thus the minimum fringe 

spacing is 1.6896mm.  

 Wavefront slope per fringe period = 1.6896mm/18667mm=9*10-5 radians, where 

18667 mm is the distance from screen to the exit pupil of the GMT test system. Thus 

the surface slope per fringe period = Wavefront slope per fringe period * 0.5 =  

4.5*10-5 radians, where the factor 0.5 is due to testing the mirror in reflection. If a 

distortion of 0.25 fringes is estimated by observing the sinusoidal fringe images in 

Figure 7.17, then the surface slope at the edge of the GMT mirror is = 4.5*10-5 

radians *0.25 = 1.125*10-5 radians. 
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 The principal interferometric test has a sampling of 16.9 mm mirror region per 

camera pixel.  Then the slope error at the edge of the GMT mirror gives:   

16.9 mm*1.125*10-5*2=0.38 µm of wavefront change in a pixel, where the factor 2 

is due to the conversion from sag error to the wavefront error. That means there is  

0.38µm / λ= 0.38 µm/0.6238 µm = 0.6 fringe =1.2 π phase change per pixel.  Thus 

there are phase unwrapping ambiguities in the interferogram analysis because the 

phase difference between the adjacent pixels is more than π. 

 

 

 

Figure 7.16 Test setup for the GMT mirror, where Sam is located at a level underneath 
the screen and camera for the SCOTS test.  
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Figure 7.17 (a) Image of phase-shifted x sinusoidual fringes and (b) image of phase-
shifted y sinusoidual fringes at the GMT mirror; (c) x slope errors and (d) y slope errors 
after removing 24 low-order Zernike terms (color scale in radians); (e) (left) GMT 
surface data measured interferometrically and (right) the GMT surface data measured by 
SCOTS (The circle represents the 8.4-m clear aperture and the color bar units are in μm.) 
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7.3.3 PRELIMINARY EXPERIMENTS OF SCOTS FOR AN F/0.2 CONCAVE 

AUTOMOTIVE HEADLIGHT REFLECTOR AND FUTURE WORK 

We are applying SCOTS to test other free-form surfaces in commercial 

illumination systems. One example is a faceted automotive headlight reflector. We 

designed a tilted-screen SCOTS test scheme for measuring a commercial automotive 

headlight reflector that is shown in Figure 7.18 (a). The headlight is an F/0.2 faceted 

reflector with a diameter of 165mm. Figure 7.18 (b) shows the ZEMAX design model 

which traces rays from camera position back to screen position based on the reverse 

Hartmann test concept. 

The tilted screen SCOTS experimental setup can be made as designed in the 

ZEMAX model and is shown in Figure 7.18 (c). A preliminary test was performed with 

this set-up. Sinusoidal fringes were generated in the small monitor screen to illuminate 

the reflector, pictures of the reflector was taken by the SCOTS camera and shown in 

Figure 7.19. These results show that the test concept can work well. Figure 7.19 also 

shows that there are discontinuities in the data because the reflector is faceted. This 

absolute height issue can be solved by using SCOTS with a shifted-screen or a two-

camera method as used by traditional fringe reflection techniques [47]. 

 

 

 

 

(a) 
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(b)                                                            (c) 
 

Figure 7.18 (a) Picture of a commercial automotive headlight reflector; (b) ZEMAX 
design model for this F/0.2 fast faceted reflector; (c) hardware setup of SCOTS. 
 

 

 

 

 

                                               (a)                                                       (b) 
 
Figure 7.19 Fringe patterns on the headlight reflector seen by camera: (a) Fringes 
projected in an x direction (b) fringes projected in a y direction. 
 

Figure 7.20 shows the x and y slopes for this headlight reflector. The color bar 

scale indicates that the base shape of the reflector is close to a parabola. To capture the 

whole image of this fast headlight reflector, a large field of view camera lens is used in 

the experiment. As shown in Figure 7.20, there is considerable image distortion from this 

Camera with wide angle lens                 

Small monitor screen 

Headlight reflector
Camera

Screen
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large field of view lens. Thus, a careful distortion correction in a volume is required. 

Some future work can also include using a shifted-screen or a two-camera method [47] to 

measure the piston between adjacent facets in a faceted reflector. The SCOTS test 

accuracy of the faceted headlight reflector can be determined by comparing with CMMs 

(coordinate measuring machines) measurement results.  

 

         
 

(a)                                                                 (b) 

Figure 7.20 (a) x slope and (b) y slope for the headlight reflector without distortion 
corrections (color scale in mm). 
 

 

7.4. SUMMARY 

In this chapter, we show the basic principle of SCOTS. We show that the SCOTS 

can rapidly and robustly measure large, highly aspherical shapes such as solar collectors 

and free-form optics and can achieve measurement accuracy comparable with 

interferometric tests. In addition to using phase shifting methods for data collection and 

reduction, we explore PMD from the point view of performing traditional optical testing 

methods such as Hartmann or Hartmann-Shack tests in a reverse way. Under this concept, 
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the slope data calculation and the slope unwrapping in the test can be realized with a 

centroiding method and a line scanning method. Like the traditional Ronchi test, SCOTS 

can be a very useful testing method for optical shops. Unlike the Ronchi test, not much 

experience is needed and the test is quantitative. For many applications in the field of 

optics we show that SCOTS can be used without complex calibration since the test is 

relatively insensitive to alignment.  

SCOTS has the following advantages: 

 SCOTS works for virtually any specular free-form surface. 

 It is a non-contact optical test method with a high dynamic range. Data collection is fast, 

usually only requiring a few seconds. SCOTS needs no reference surface, is not limited 

by first order alignment, and is relatively unaffected by environmental issues. 

 SCOTS is extremely flexible. 

For different configurations, the equipment is the same and only parameters in software 

need to be changed. Multiple algorithms are available in our lab for the data reduction.  

 Equipment required for SCOTS is inexpensive. 

Compared to common optical tests, the cost of SCOTS is cheap.  All the components in 

the SCOTS system are mass-produced commercially available products. 

The applications of SCOTS in testing the faceted headlight reflector will be 

further investigated. Demonstrations of SCOTS for free-form lens testing are underway. 

As the test has great sensitivity, further improving the accuracy of the SCOTS test is 

another goal of our future work.  
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CHAPTER 8 

SUMMARY AND FUTURE WORK 

 
8.1 SUMMARY 

In this dissertation, we have developed some novel design, modeling and testing 

methodologies of optical surfaces in illumination optics.  

In Chapter 1, a background of illumination engineering is presented and a 

literature review of smooth and faceted reflector designs and free-form surface 

measurement methods is given. 

In Chapter 2, the geometric properties of faceted reflectors are discussed by 

giving a mathematical overview of different types of facet surfaces and a discussion of 

the modeling methods of faceted reflectors in the illumination design software. The other 

geometric issues associated with faceted reflector designs are summarized. 

In Chapter 3, the optical properties of faceted reflectors are illustrated based on an 

LED flashlight example. Two new methods for generating uniform non-rotationally 

symmetric patterns such as square/rectangular illumination patterns using curved-faceted 

reflectors are proposed and explored in commercial software. The performance of various 

reflectors is compared using Monte Carlo ray-tracing. Other optical issues, such as 

optimization functionality, mounting of LED, and fillet effect are also discussed. 

In Chapter 4, an innovative illuminator for the micro-objective microscope system 

is proposed. This type of illuminator brings the illumination from the side of a glass slide 
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towards the sample plane. Illuminator design examples for a single micro-objective 

microscope and a micro-objective array microscope system are presented. The simulation 

results show that the sample under each micro-objective can be illuminated with good 

spatial uniformity. 

In Chapter 5, a 20-m diameter segmented paraboloidal solar concentrating 

reflector is analyzed. First, the methods to analyze this large segmented solar 

concentrator in ZEMAX are described. Then the optical effects of the segment alignment 

errors and sun pointing errors are evaluated and discussed.  

In Chapter 6, a user-defined surface that represents an easy-to-use, analytic source 

model of short-arc discharge lamps is proposed and built in ZEMAX. The accuracy of the 

short-arc source model is verified by comparing it with the experimental radiometric 

characterizing data of a 150W xenon short-arc lamp.  

In Chapter 7, the software configurable optical test system (SCOTS) that can 

rapidly, robustly and accurately measure complex specular free-form surfaces is 

investigated. The basic principle and the data unwrapping methods of SCOTS are 

described. The SCOTS measurement results of a 3-m segmented paraboloidal solar 

reflector, a 3.75-m spherical mirror and an 8.4-m Giant Magellan Telescope primary 

mirror segment are presented. Preliminary experiments of SCOTS for an F/0.2 concave 

automotive headlight reflector are also introduced.  

 



 
 

168

8.2 SUGGESTIONS FOR FUTURE WORK 

The main illumination optics investigated in this dissertation are faceted reflectors. 

We have proposed several novel designs of faceted light collector. Because faceted 

reflectors are widely used for providing uniform illumination in many illumination 

systems, there is considerable future work to be done in this area. The future work may 

include theoretical studies such as solving the differential equations required to design the 

faceted reflectors or investigating optimization methods. The future work may also 

include developing the faceted reflector designs proposed in Chapter 3 for different 

illumination systems such as road lighting systems and projector systems. 

This dissertation has demonstrated the use of SCOTS for measuring a reflective 

segmented solar reflector. During the data reduction, it was assumed that all the solar 

panels have the same average height, but a two-camera model can be developed to 

measure the piston differences between the panels. A SCOTS test for measuring the 

faceted headlight reflector is currently of interest as well. On the other hand, free-form 

lenses are also widely used in illumination systems. We have conceptually investigated 

the situations for using SCOTS for measuring refractive optics, such as free-form lenses, 

and pointed out that in certain circumstances, SCOTS can provide lens manufacturers 

with a new tool for lens system evaluation [48]. Thus, demonstrations of SCOTS for free-

form illumination lens testing can also be a significant part of the future research work. 
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