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Optical transfer function and its
applications to imaging and
non-imaging optical systems

Doctoral Student : Chu-Ming Cheng Advisor : Dr. Jyh-Long Chern

Institute of Electro-Optical Engineering
National Chiao Tung University

Abstract

Today’s optical instruments and electro-optical consumer products demand high
imaging quality, optical efficiency and high resolution with the volume of the machine,
nevertheless, being compact. At the same time, extending the depth of focus (EDOF)
in an imaging system has been a long-standing: issue in optical designs. This thesis
develop either an analytical or a semi-analytical model by the use of optical transfer
function (OTF) and illumination formations-on:the study of imaging and non-imaging
qualities in the incoherent imaging system. Since/the illumination light could vary the
intensity distribution of the reflective light from an object, we could no longer assume
the OTF of the object equal to unity in an imaging system. Hence, we make the
in-depth investigation into the relationship between OTF and the illumination light
distribution by calculating the OTF using the pupil function with the amplitude
transmittance function which is the term given to the characteristic of a non-imaging
system, and the wave aberration function which is the term given to the characteristic
of an imaging system. One of main contributions of this thesis is to implement and
demonstrate the effective factor of the non-imaging system (i.e., illumination light) in
OTF calculation for assessing and specifying the performance of an imaging system.
Then, a new approach for EDOF in an incoherent imaging system has been
demonstrated. It provides a programmable shaped pupil using structured light which
is generated by a non-imaging system with a spatial light modulator such as the digital
micromirror device (DMD) or the light-emitting-diode (LED)-array module. The

semi-analytical results using the OTF indicate that the limiting resolution of an

il



imaging system with a specific defocus coefficient, and the specific coefficients for
spherical aberration and coma aberration can be improved significantly with a binary
shaped pupil. The proposed structured light on aperture stop from the non-imaging
system can offer a dynamically programmable approach for aberration compensation
in an incoherent imaging system. Our proposed research provides the connection
between non-imaging and imaging systems for extending the depth of focus and
further enhancing the image quality in the conventionally incoherent imaging systems
for light pipe, camera, microscope and projector with embedded illumination

modulator.
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Chapter 1

Introduction

1.1 Background and motivation

The current applications of electro-optical instruments and consumer products
demand high imaging quality, optical efficiency and high resolution with the volume
of the machine, nevertheless, being compact, for computer graphics involving
digitized photography. In general two techniques were developed for enhancing the
image quality. One is extending the depth-of focus (EDOF) in an imaging system and
the other is the high dynamic range (HDR) in the digital image processing. EDOF in
an imaging system has been'a long-standing issue in“optical design. Enhancing the
quality of an image can be achieved by the pupil function as well as by its amplitude
transmittance and phase variation [1,2]Non=uniform amplitude transmission filters
can be employed to vary the response of an optical imaging system, for instance, to
increase the focal depth and to decrease the influence of spherical aberration. Earlier
EDOF investigations and experiments were carried out n annular apodizers [3.,4], the
radial Walsh filter [5], non-uniform shaped apertures [6,7] and wave-front coding [8,9]
in imaging systems, where the nature of light is incoherent. High dynamic range
(HDR) image processing produces a greater dynamic range of luminances between
bright and dark areas of a scene by integrating a set of photographs which are taken
with a range of exposures [10]. One of the earlier HDR investigations in digital
photography was to combine the strengths of continuous flash/no-flash image pairs

for enhancing the image’s contrast and the sense of depth [11,12]. However, none of



those are programmable for amplitude transmission at the aperture stop using the
structured light generated by a non-imaging system, such as illumination lighting and
flash light. From the point of view of potential applications as well as from a purely
academic interest perspective, it is worthwhile to explore the possibility of how to
realize a dynamically programmable shaped pupil for incoherent imaging systems
such as photography, projector and microscopy.

A light pipe is a commonly optical device that manages light properties in
illumination systems, especially where extremely uniform illuminations with specific
illuminance distributions are required [13]. Typical applications are the illuminations
in the projection display [14], lithography [15], endoscopes [16], and in optical
waveguides [17]. In those applications, the illumination system is mostly a
combination of a light pipe and.the corresponding imaging system with a projection
lens. A light pipe is made with parallel reflective sides, either as a cylinder or with a
square or rectangular cross section. [The light source/can be located on one end of the
light pipe, and the other end iS then the uniformly illuminated plane [18]. The
uniform illumination on the exit end of the light pipe is determined by the ratio
between the length to the diameter and also the cross-sectional shape of the light pipe
[19]. The multiple reflections of the light source through the pipe can produce a
spatially checkerboard-array-shaped light distribution at the aperture stop of the
illumination system which is then projected to the aperture stop of the corresponding
imaging system. Hence, we need to determine the pupil function with a specific
shaped aperture generated by the light pipe in the optical transfer function (OTF) for
the image evaluation in the optical system.

In the field of non-imaging optics for the illumination, the light emitting diode
(LED) technology is widely applied in vehicles, architecture, signal lighting,

backlighting and in projection microdisplays [20]. Most of these applications require
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the shaping of a uniform beam illuminance profile, managing color quality and saving
power consumption while maintaining high luminous efficiency in the illumination
systems. There are two kinds of approaches to generate white light with LEDs. One is
the phosphor-converted white LED, which provides a compact integrated package but
has a relatively lower luminous efficiency. The other is the mixed-color LED, which
provides more light throughput compared to a single phosphor-converted white LED
with the same operating power. In practice, however, there are several technical
challenges to creating a mixed-color LED, such as white light homogenizing with the
acceptably lowest spatial variation, color mixing and color balancing with acceptably
lowest chromatic variation. Rectangular light pipes are commonly optical elements
that manage light properties in illumination systems, especially where extremely
uniform illuminations with specific illuminanee distributions are required. The light
source can be located on ong end of the light pipe and the other end is then the
uniformly illuminated plane. .-The¢shape of the light pipe can modify the original
characteristics of the spatial disttibution of the light source but not the angular
distribution. The uniform illumination on the exit end of the light pipe is determined
by the ratio of the length to the cross-sectional dimension of the light pipe. In the
literature, the mention of the properties of light pipes is mostly concentrated on
transmittance, flux analysis and irradiance formation for the single light source.
Although Derlofske and Hough developed a flux confinement diagram model to
discuss the flux propagation of square light pipes and angular distribution [21], and
Cheng and Chern developed a semi-analytical method to investigate the formation of
irradiance distribution [19], to the best of our knowledge few articles have
investigated the formation of illuminance and the color-differences in mixed-color

light sources using an analytical method.



Projection display technology is widely applied in the large-screen display for
business projector and rear-projection TV, mostly based on three differently light
valves of transmissive LCDs, Digital Micromirror Device™ (DMD™) and liquid
crystal on silicon (LCoS) [22]. In the field of optics, the technologies involved are
being applied to very compact system with the higher image performance.
Consequently, the designs for high optical collection efficiency, higher resolution
image, smaller volume optical systems etc. are required. Examples are an off-axis
wide-angle projection lens design with anamorphic mirrors [23], a TIR-prism optical
system [14,24], and the hybrid projection screen [25]. The optical design with the
appropriate f-number is the key to the illumination system and the f~number value is
often constrained and determined by the light-valve’s architecture in the projection
display. Conventionally, single  fnumber..and “symmetric illumination pupil are
generally utilized in optical ‘system: However, these do limit optical collection

efficiency and imaging quality.

1.2 Objectives of this dissertation study

Optics can broadly be classified into two fields of imaging and non-imaging
optics. Imaging optics has been developed around for 300 years and is the optics of
thick / thin lenses, mirrors, parabolas, ellipses and Fresnel lenses. The field of
non-imaging optics was begun formulating the principles, theory and mathematics by
Roland Winston until the 1970s [26]. One of its first applications was to the field of
solar energy concentration for both photovoltaic and solar thermal system.
Subsequently, applications such as fiber-optics couplers, backlights for liquid crystal
displays, infrared countermeasures for heat seeking missiles, sensor for high energy
particle physics, etc. all came to benefit from the increased optical efficiency and

compactness that non-imaging optics could supply. In our experiences, so far the
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knowledge of beam shaping technology, possibilities and limitations are thus applied
into the illumination system in the field of non-imaging only. Therefore, the new and
interesting subject in optics will be how to incorporate the already existing imaging
optical technology into new optical systems. In this thesis, we would like to develop
either an analytical or a semi-analytical model by the use of optical transfer function
and illumination formation for the connection between the imaging and the non-
imaging, and put emphasis on the study of imaging and non-imaging qualities in the
severally specific optical systems, such as light pipe, photography, projector and

microscopy.

1.3 Imaging optical system and its characterization

An imaging system is._an optical systém capable of being used for
image-formation from an obj¢et field to a desired imagg field as shown in Fig. 1-1 (a).
In the imaging system, all rays-originating in one point of an object are mapped to be
focused in one point of the image. The effective’focal length and the diameter of the
aperture (i.e., f~number, f /#) are common criteria for comparison among optical
systems, such as telescopes, microscope, camera lens, endoscope, lithography, and
projector and so on. The effective focal length gives the determination of the
magnification and the f/# determines how much light intensity is able to be received

in the optical system.
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Figure 1-1 Comparison of imaging and non-imaging optical systems

1.4 Non-imaging optical system and its characterization

As illustrated in Fig. 1-1 (b), in non-imaging systems, all rays of an extended
source are directed to a target surface, i.c., a rec€iver. The distribution of the rays at
the receiver and the collection-efficiency through the system are the primary concerns
rather than that points do map'to points. Typical variables to be designed at the target
include the total radiant flux, the angular distribution, and the spatial distribution of
optical radiation. These variables on ' the" target receiver are optimized while
simultaneously considering the collection efficiency of the optical system at the
source. That is an issue about the relationship between radiance (or luminance) and
irradiance (or illuminance). Non-imaging optics is common applications where
imaging formation is not included but where the efficient transfer and collection of
light radiation is. Examples include many areas of illumination engineering in general
lightings, automotive headlamps, solar concentrators, LCD backlights, fiber

illumination devices and projection display systems, and so on.

1.5 Organization of the dissertation

The thesis is organized as follows. In Chapter 2, we describe the general



formations for imaging system and non-imaging system including the pupil function,
optical transfer function for specific shaped pupil, illumination formation,
color-difference function and Etendue function for an asymmetric pupil. In Chapter 3,
we investigate optical transfer functions for the specific-shaped apertures generated
by illumination with a rectangular light pipe. In Chapter 4, a programmable apodizer
for imaging quality enhancement in incoherent imaging system is developed and
evaluated. In Chapter 5, we introduce a new approach for extending the depth of focus
and improving the image quality with structured light in a conventional imaging
system, such as photography, projector and microscopy, with the defocused, spherical
and coma aberrations. In Chapter 6, we develop an analytical method of illuminance
formation and color-difference for mixed-color LEDs in a rectangular light pipe. In
Chapter 7, a dual-f~number illuminatien .system and its application to DMD™
projection display is investigdtedwFinally we draw.our. conclusions and future works

in Chapter 8.



Chapter 2

General formalism for imaging and non-imaging

optical systems

2.1 Optical systems and their general structures: light pipes, camera, projector
and microscopy

The analysis of an optical system requires either analytical or numerical
computation to determine the image quality on the image plane, which is taken by
light rays as they come from an .object-and pass through the optical system. The
general optical system with an«maging subsystem and a non-imaging subsystem is as
schematically diagrammed in“Fig. 2-1. The non-imaging system provides a desired
illumination distribution and “high. ‘optical: collection efficiency in an incoherent
imaging system. The function of the/condenser is to project the light source directly
into the aperture stop of the imaging lenses so that the lens aperture has the same
brightness as the light source. The function of the imaging lens system is to image a
bright and uniform illuminated object on the image plane. The platform of our
investigations for the conventionally well-known optical systems will contain light
pipe, photography, projector and microscopy as shown in Fig. 2-2, Fig. 2-3, Fig. 2-4
and Fig 2-5, respectively.

In this chapter we will introduce the optical tools for image performance
evaluation in the general optical system. The subjects contain the pupil function and
the optical transfer functions for an incoherent imaging system, and the illumination

formation, color-difference function and Etendue function for a non-imaging system.



In additional discussions of various aspect of the subjects, the reader may want to
consult any of the following references: about Fourier optics [1] and wave aberration
[2] of imaging optics, about non-imaging optics [26], about radiometry and

photometry [27] and about color science [28].

Light Condenser Object Imaging Aperture Imaging Image
source lens #1 stop lens #2

_ _ Image of
Li Non-lmagln[]i— g light source

Imaging system

Figure 2-1 General schematic diagram of the optical. system with an imaging subsystem and a

non-imaging subsystem

Lightpipe

\ _
c./ I:I
G + (o) — Gomaaiod

(a) (b)
Figure 2-2 (a) The photograph of the light pipe with circle and rectangular shapes [29] and (b) the

illustration of an illumination system with a light source and a light pipe for a uniform light output [30].
[llumination system provides a desired light distribution that may have little or no relationship to light
distribution from the light source. Figure (b) shows an illumination system with a filament in a reflector

which can provides a uniform light distribution at the end of a square light pipe.
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Figure 2-3 (a) The photograph of a DSLR camera with flash light [31], (b) cutaway of an Olympus

E-30 DSLR camera [32], (¢) cross-section view and introduction of a DSLR camera [32] and (d) the

schematic diagram of a photographic system with a camera, an imaging system, and a flash light, a

non-imaging system.
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Figure 2-4 (a) The photograph of a-projector- Optoma EP755 model [33], (b) cross-section view and
introduction of a DLP projector, and (c) the schematicrdiagram of a projector system with a projection

lens, an imaging system, and a light pipe illumination, a non-imaging system.

11



Non-Coherent lllumination Options in Optical Microscopy K&hler Numination
lumination Ima?e Forming

Light Path ht Path
— Film Plane
\j LED
Lamphouse i

Tungsten
Halogen
Lamphouse

Film Plane

MemuryI
— Lensin

MIE'#'.?";‘c%%e Lamp"""'“ | caQera
system

Eyepiece
\}J Xenon YFI)Ftled

Larnphouse Diaphragm

*

Image formed

Metal Objective by objective
ia g;“%z back focal Inhermeld iate
plane image plane)
(a) = — Objective —
Microscope lllumination System ; Specimen

Substage
CondenSer Condenser

Boec ke ' _

Sta

ge: Aperture Specimen
Diaphragm
-Substage

Aperture
Diaphragm Condenser

Field
Diaphragm

=

- — Field —
THurigslen Diaphragm
Field Collector Halogen
Lens Lens Lamp

(b) ' (c)

Image (CCD) ———— Image (CCD)

@ Imaging lens #2

Imaging lens #2

.

Aperture stop

I
i Aperture stop

N
-
-

H‘
’_7 Imaging lens system 4_‘
(i.e. Imaging system)
L
_ }}
T
Imaging lens system ——»

Condenser

ENe A i Imaging lens #1 E
..“.’. - I . | I
2o - I - -
w® ’E ' | | B 1
s ES ' . ' Object '
6T O—T—4 .
E Zg % : | ! (Transparent Sample) i
= i | i ]
3= ; | i
- ]

]

1

i

1

A | -
by
s
w s
N s .
_ Light source

Object (Reflective Sample) T

lllumination system
(i.e. Non-imaging system)

(d) (e)
Figure 2-5 (a) The photograph of an optical microscope [34], (b) cross-section view and introduction of
a microscopic illumination system [35], (c) cross-section view and introduction of the illumination
light path and image-forming light path in microscope [35]. The schematic diagrams of a microscopic
system with an imaging lens, an imaging system, and an illumination, a non-imaging system are for (d)

a transparent sample and (e) a reflective sample.
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2.2 Pupil function formalism

When an imaging system is diffraction limited, the point spread function (PSF)
centering on the imaging point is the Fraunhofer diffraction pattern of the exit pupil.
When there is a wavefront error in an imaging system, the exit pupil is illuminated by
a perfect spherical wave, but that a phase-shifting plate exists in the aperture stop,
thus deforming the wavefront passing the pupil. If the phase error at the point (x, y) in
the exit pupil is represented by kW(x, y), where k=27/A and A is the wavelength of the
light. W(x, y) is the aberration function of the effective path-length error accumulated
by that ray as it passes from the Gaussian reference sphere to the actual wavefront, the
latter wavefront also being defined to intercept the optical axis in the exit pupil as
illustrated in Fig. 2-6. Then the cemplex ‘amplitude transmittance fix, y) of the

imaginary phase-shifting phaseds given;by
 (ey)=T"(x.y)exp ik¥x. )] (1)

The complex function f (x, y)“is the_generalized pupil function [1]. T '(x,y)

represents the amplitude transmittance over the normalized pupil coordinate.

~y._ Actual
wavefront

Gaussian
referance
sphere

Figure 2-6 [llustration for defining the aberration function. [1]
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The pupil function of an optical system with a circular symmetrical aperture is

further given by [7]

a—p

f(x,y)zT'(x,y)exp ikZZa)aﬂ(x2+y2)Tyﬂ P4y <]
a p

(2-2)
=0 X +y > 1

where the term of the summation is the wave aberrations with the coefficients @z in
the polynomial. For example, w2 is the wave aberration of the defocus coefficient;
@49 denotes the coefficient for spherical aberration, and @;; denotes the coefficient
for coma aberration. (x ,y ) are the nemmalized Cartesian coordinates, and k = 27/4,
where A is the wavelength of the light. Funetion 7 '(x, y) in Eq. (2-1) represents the
amplitude transmittance over. the normalized pupil coordinate that is scaled and

normalized to make the outer periphery the unit-circle, x° + y” < 1.

2.3 Optical transfer function

The optical transfer function (OTF) represents the ratio of image contrast to
specimen contrast when plotted as a function of spatial frequency, taking into account
the phase shift between positions occupied by the actual and ideal image [36]. The
OTF describes either the spatial or angular variation as a function of either spatial or
angular frequency. When the image is projected onto a flat plane, such as
photographic film or a solid state detector, spatial frequency is the preferred domain,
but when the image is referred to the lens alone, angular frequency is preferred. In

general terms, the optical transfer function can be described as:

OTF (f,.f,)=MTF(f.. £,)-PTF(f.. £,) 2-3)
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where

MTF(f,.1,)=|0TF (f.. 1,) (2-4)

PTHf.. [, ) — g2 AS) (2-5)

and (f, fy) are spatial frequency in the x-plane and y-plane, respectively. The OTF
accounts for aberration. Its magnitude is known as the Modulation Transfer Function
(MTF) and its phase is known as the Phase Transfer Function (PTF). Fig 2-7 shows
the typical form the MTF and PTF curves of an imaging system can take and also

show the most usual way in which these two parameters are plotted.

F 180 dogh.)

05 T

MTF AND FTF (FTF I UNITS
=]
L)

] 2 4 [ B 10 12 14
SPATIAL FREGCUEMNCY (ARBITRARY LMITS)

Figure 2-7 Typical plot of MTF and PTF versus spatial frequency. [36]

The OTF is derived from the autocorrelation of the pupil function by using the

Hopkins canonical coordinate [37] and is given by

__[:[:fKX4“WQ:y)wax—s%Z,y)dxay
[ [ fGe.)f (e y)dxdy

where f (x, y) is the pupil function shown in Eq. (2-2) , f (x, ) is the complex

(s)

(2-6)

conjugate of /' (x, y), and s is defined as the spatial frequency §=2 FA N . Here F
is the f~-number of the imaging lens system, A is the wavelength, and N is the number

of cycles per unit length in the image plane. The value of F is equal to the effective
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focal length divided by D, where D is the diameter of the effective aperture stop and
the effective focal length is determined by the optical magnification of the imaging

lens.

2.4 Illumination formation and color difference
The equation of the luminous intensity of the light source with Lambertian

characteristics is given as
Jo=J(0)=J,cos60 , -90°<6<90° (2-7)

where Jj, is the luminous intensity (lumen sr') of a small incremental area of the
source in a direction at an angle & from normal to the surface, and J is the luminous
intensity of the incremental area in the direction of normal. Thus, we can derive the
illuminance distribution radiated from-the Lambertian light source (i.e. LED) on an
irradiated surface.

With reference to Fig: 2-8, we assume that the illuminance position on a
surface is (x, y), length R is the distance fromi-the light source to the incremental area,
length L is the distance from the light source to the surface, and angle & is the angle

from normal to the incremental area.

TIrradiated
Surface

/f(”) ! )
/ |

Figure 2-8 Illustration of an LED light source radiating into a surface.

The angle € can be substituted by L, x, y and R, and is given by
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L L
cosf = =— 2-8
2 (2-8)

\/LZ +ix2 +y2 )

The illuminance distribution on the irradiated surface is a function ofcos’® @,

which can be expressed as a function of Jy, L, x and y according to Egs. (2-7) and (2-8)

as given by

39 L2
H(x,y)ZJ(H)&:JOX(LZ 2 2)2
+x°+y

12
To identify the uniformity on an irradiated surface, we introduce the ANSI

(2-9)

light uniformity defined by [38]

Uri = Maximum [H(xl!yl )]1:10,11,12,13 ~11x100% (2-10)
Average [H(xl Vi )]1:1,2,4.9

Ur = Minimum [H(xl’yl )]1:10,11,12,13 ~11x100% (2-11)
Average [H(xl’yl )]1:1,2,“9

where the maximum deviation-Ur+or Ut- from the average of nine measurements is
specified as a percentage of the average light output (9 measurement locations /= 1, 2,
3...9) using the measurement described in Fig. 2-9, and at the four corners (i.e. /= 10,

11, 12, 13) on the surface.

_»10 1M
. e

O | on

/

AN

P 7 & Og

(13 / :}C}

Figure 2-9 Measurement locations at the center of nine equal rectangles of a 100% exit plane on

irradiant surface. The four corner points 10, 11, 12 and 13 are located at 10% of the distance from the

corner itself to the center of the measurement location 5 [38].
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To identify the color uniformity on an irradiated plane, we introduce the ANSI

color uniformity defined by [28]

Auv' = [(u

where u,and

1

)+ f

voare the average chromatic values of the nine measurements, and

1

1 (2-12)

”1 and vi are the value with the maximum deviation of the 13 measurements from the

average chromatic values u,and v, using the measurement described in Fig. 2-9.

Finally

we can derive the total color difference between two color stimuli,

each given in the terms of L',a",b",inCIE 1976 (L'a’b") —space by [28]

AE:b(xa

where AL", Aa

1

)= 200[(4&")2 +(aaf + (Ab*)z}z

“and Ab° arcthewalues of the differenices in L, a and b between

(2-13)

two color stimuli, respectively=The quantities.L",. a ‘and b are defined by

L*:116(

a" =500

b* =200

Y,

L
3
-16
3

(2-14)

where X, =X (x,y), Y, =Y, ,(x,y) and Z 6 =Z (x,y)are the tristimulus-values

distribution and X, , Y, , Z, are the tristimulus-values of the nominally white

object-color stimuli given by the spectral radiant power of one of the CIE standard

illuminants, for example, D65, reflected into the observer’s eyes by the perfectly

reflecting diffuser.
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2.5 Etendue function for an asymmetric pupil

Etendue is an optical invariant of a light beam relative to the beam divergence
and cross-section area in the illumination system [26]. It allows us to estimate the
collection efficiency of the optical system. In this section, we develop the Etendue
model of the elliptic-shaped illumination-pupil system.

The formal definition of Etendue is given by

E = IdA Icos 0d<) (2-15)

A Q(0.4)

where E is the Etendue, A4 is the cross-section area of light flux and Q(6,¢) is the solid
angle of the beam divergence in the angular coordinate system [26,39]. @ is the half
angles of the illumination cone and_g.is,the polar angle from 0 to 2n. In the
elliptic-shaped illumination-pupil ‘Systemy -@.is a function of ¢ , so the Etendue

equation is given by

E = jdA J‘OM j:(msin 0.cos GdOdgp = %
A

2z
)
[sin?0(p)dg  (.16)
0
The relationship between the half angle of the illumination cone and f~number

is given by

f 1 1
=L = = , 2-17
/ D 2NA 2siné ( )

where D is the diameter of aperture-stop, NA is the numerical aperture, and f'is the
effective focal length. In an elliptic-shaped illumination-pupil system, the
illumination-pupil shape is elliptic and is expressed as the function of the polar angle

2

D:2]/':— (2—18)
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where 7 is the radius of the ellipse of the elliptic-shaped illumination-pupil;

2 2
&= Na'-b" i the numerical eccentricity of the ellipse; a and b are the major and
a

minor semi-axis of the ellipse of the elliptic-shaped illumination-pupil and also
described as the radii of aperture-stops in the tangential and sagittal axes, respectively.
By putting Eqs. (2-17) and (2-18) into Eq. (2-16), the Etendue expression of the

elliptic-shaped illumination-pupil system is given by

A% AV(bY ?
== 2do=| = || =
2}[ 1-&?cos’ ¢) ’ (Zj(fj

The integration about ¢ can be carried out by resolving Eq. (2-19) into the terms [40],

1 _ 1 _1 tan¢ , ]
j1—82c082¢d¢_mm ) (P e

Then, the integral term in Eq. (2-20)-can be deduced by Mathematica® software [41]

N

1
1-g’cos’ ¢

d¢ (2-19)

O ey

as

-
_ ]_(az-sz_ ;i (2-21)

a

By putting Eq. (2-21) into Eq. (2-19), the Etendue formula of the

elliptic-shaped illumination-pupil system is given by

E-= (gj (%T x 27 (%) - ;—f(ab)z 4 (zfﬁizf;j - /#iA(f . @?
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Where (f /#), = 2Land (f #)s = % are the fnumbers of the elliptic-shaped
a

illumination-pupil in the tangential and sagittal axes, respectively. As an illustration,
the variation of the Etendue with the tangential £numbers and the sagittal £numbers
is calculated if we assume the cross-section area of light flux A is unit and shown in

Fig. 2-2.

0.8
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E'tendue (mmA2 steradian)
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0.0
1.0 1.5 2.0 2.5 3.0 3.5 4.0
(F)-T

Figure 2-10 Variation of the Etendue with the tangential fnumber, (f/ #)-T, for a variety of the

sagittal f-number, (f/#)-S, i.e., from 1.0 to 4.0, in the optical system.

Furthermore, the shape equation of the aperture-stops of the illumination

system and the projection lens is given by

p, <Ay A

S, T 24 (2-23)

Where Ds and Dy are the diameters of the aperture-stops in the sagittal and tangential
axes, respectively. It should be noted that because the +12°-tilt angle of DMD™,
the (f/#)s should be limited by a value 2.4. On the contrast, (f/#)r is determined by
what the optical specifications are required; for examples, the trade-offs among the

brightness, the resolution performance and the system volume, and so on. On the
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other hand, Dy 1s determined by the designs of (f/#)r and effective focal length in the
illumination system and projection lens.

Besides the collection efficiency, f-number also affects the image aberrations
on the illuminated plane, for example, the spherical aberration is inversely
proportional to (fnumber)’ , the coma aberration is inversely proportional to
(/number)’ and the astigmatism or field curvature is inversely proportional to
(f-number) in terms of third-order aberration theory. Larger aberrations lead to the
blurred projected image on the edge of the illuminated plane, for example the film and
light valve. In order to keep the uniformity both on the center and edge of the
illumination plane with the larger aberrations, it would be better to enlarge the overfill
on the projected illumination spot to prevent. the color band and shadow on the edge
of illumination plane. Howevet, when the.overfill could be enlarged, the collection
efficiency may be lost on the illumination planc and, hence, the overall throughout in
the optical system will be reduced. Therefore, both the collection efficiency and the
aberration for the specific f~number.have to_be considered in the initial phase of

illumination system design.

2.6 Criteria on performance: aberration and modulation transfer function
Aberration is the departure and errors occurring in the resulting image which
is not conformed to the real image in the optical system. Aberration leads to blurring
of the image produced by an image-forming system. It occurs when light from one
point of an object after transmission through the system does not converge into (or
does not diverge from) a single point. There are the following five types of
monochromatic aberration which are called the Seidel aberrations: Spherical
aberration, Coma, Astigmatism difference, Curvature of field and Distortion. And,

there are the following two types of chromatic aberration: Longitudinal chromatic
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aberration and Lateral chromatic aberration [18]. In a real optical system, the above
seven aberrations are mixed. The effect of those wavefront aberrations on image
quality is a fairly complex subject. Any deviation in the form of the wavefront away
from spherical causes degradation in the quality of point images, thus also the quality
of image as a whole. The hard part is to define the specifics of this general fact.
Assessing the relation between optical aberrations and image quality requires not only
the knowledge of the mechanism by which the aberrations influence the determinants
of optical quality, but also establishing the universal criteria applicable to any and all
the aberrations. Such criteria need to define specific aberration tolerances as a
reference point in fabrication, evaluation and the use of geometrical optics and
diffraction optics.

The effect of aberrations«on‘image.quality 1s best assessed with the modulation
transfer function (MTF) of thewoptical system. For that reason, this one quality
indicator is addressed in more' details. “The MTF /is.a measure of the transfer of
modulation (or contrast) from the subject to the image. In other words, it measures
how faithfully the lens reproduces (or transfers) detail from the object to the image
produced by the lens. Firstly, we have to define the type of test pattern being used. As
shown in Fig 2-11, signal frequency of test pattern can be equated to a periodic line
grating with the number of spacings per unit interval referred to as the spatial
frequency. A common reference unit for spatial frequency is the number of line pairs
per millimeter. As an example, a continuous series of black and white line pairs with a
spatial period measuring 1 micrometer per pair would repeat 1000 times every
millimeter and therefore have a corresponding spatial frequency of 1000 lines per

millimeter.
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Modulation and Contrast Transfer Functions

Periodic Grating Objective Image
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Figure 2-11 The illustration of the MTF and spatial frequency in a lens system. [42]

The formal definition of MTE:

(Max Intensity. —~ Min Intensily)
(Max Intensity + Min Intensity)

MTF(f,.1,)= (2-24)

In Fig. 2-11, for the first pattern group, the MTE is 0.9: For the second pattern set, the
MTF can be calculated to be 0.2./The:point at which you can no longer see any
variation in the image is the point at which the MTF is zero, and that's the definition
of the "limiting resolution" of the lens in an optical system. In this case, the final
pattern set with an MTF of 0.1 would be classified as "just resolved" by this lens. In
addition to the type of test pattern, the light used for illumination and the type of
detector used for recording also influence MTF. When describing the performance of
a lens using MTF, we typically use a plot of MTF against "spatial frequency" as
shown in Fig 2-12 (a). This shows three plots. The blue curve is a perfect (diffraction
limited) aberration-free lens operating at f~number equal to 4 (i.e. f/4). The black
curve is the same lens operating at f/8. At /8 many lenses are close to diffraction

limited in the center of the optical field, so you could obtain a trace like this in
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practice. Note that the "resolution" at f/4, defined as the spatial frequency at which
the MTF drops so low that you can't see any modulation in the image, is around 450
line-pair/mm (Ip/mm), while that of the perfect //8 lens is exactly a half of that at 225
Ip/mm. For a perfect lens, the resolution as defined in these terms (MTF~0) is linearly
related to the aperture and is given by: Resolution (spatial frequency @ MTF=0) =
1800/(f-number). The red curve shows what you would expect from an f/4 lens with
1/2 wavelength of wavefront error (not an unreasonable amount to find in a typical
camera lens). As you can see at f/8 a lens may actually be better (i.e. have a higher
MTF) than the same lens at //4 with 1/2 wavelength of wavefront error, at least for the
region from 0 to about 175 Ip/mm. This is the basis of the old rule that lenses are
often best when stopped down a couple of.stops from maximum aperture. In Fig 2-12
(b), the red region represents an. MTF less than zero. What this means is that black
areas appear as white and whitevareas appear as black, but in reality it can not be
resolved. Resolution above the-point. at which the MTE first reaches zero is known as

spurious resolution.
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Figure 2-12  (a) A plot of MTF against "spatial frequency" for different designs of /4 and f/8 lens, (b)
the effect of defocus on MTF for an f/2.8 lens. [43]
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Here is an example of an actual test pattern of USAF 1951 US Air Force
resolution test chart [44] conform to MIL-STD-150A in Fig 2-13 (a), and recorded on
film or detector in Fig 2-13 (b). As you can see the modulation in the finer spaced
patterns with higher spatial frequencies in Group-II gets gradually more and more
difficult to be resolved compared to the low spatial frequencies in Group-I. The higher

the MTF of the lens, the finer spaced pattern that will be visible.

_ | Group-1 Group-II
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Figure 2-13 (a) An image of USAF 1951.US Air Force resolution test chart [44], (b) A record of the

test chart in a film or a detector through thelens in-anoptical system.

The advantage of using OTF is both to analyzing and specifying the
performance of imaging systems. One can compute the intensity distribution and
contrast of an image if the intensity distribution of its corresponding object is known.
The OTF of an imaging system can be calculated and simulated theoretically from the
basic design data, so that it is feasible to design a lens system to meet OTF or MTF
requirements with a desired image quality. The OTF of an entire system, such as a
digital camera system can be predicted by computing the product of the OTFs of the
individual sub-units in the system. The digital camera system consists of a lens, a
CCD, an electronic circuit and a display, as shown in Fig 2-14. The MTF of an entire

system at a spatial frequency s is given by
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MTF,

System

(s)= MTF,

Lens

(kys)x MTF,, (k,s)x MTF,

Electronic (k3S) x MTFDisplay (k4S)
(2-25)
Where MTF.,(k1s) etc are the MTFs of the sub-units in the system and k; etc are

the constants that relate to the spatial frequency at that sub-unit with spatial frequency

s of the entire system. The PTF of the entire system is given by

PTFSyStem(S):PTF

Lens

(kls)+ PTFCCD (k2s)+ PTFElectronic(k3S)+ PTFDisplay (k4S)

(2-26)
Object
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Lens » CCD Electronic Display the entire system
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Figure 2-14 Schematic diagram of MTFEs/in an entire system

The MTF of a system by multiplying together the MTFs of the sub-units is very
valuable in optical design. The designer can optimize the performance of each
sub-unit individually and then match with each other for the final image quality of the
entire system.

An important point of note is that an optical system, such as a photography or
a microscopy consists of not only a lens system (an imaging system) but also an
illumination system (a non-imaging system), but unfortunately MTF of an
illumination light was generally assumed to be equal to unity in optical design. So,
MTFs of a non-imaging system could be an effective factor for the final performance

of an optical system. This issue will be investigated in this thesis as follows.
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Chapter 3

Optical transfer functions for the specific-shaped
apertures generated by illumination with a

rectangular light pipe

3.1 Introduction

In this chapter, we investigate, both analytically and numerically, the imaging
properties of the optical system with specific shaped apertures produced by the
Lambertian illumination with a réctangular light pipe by calculating the OTF using
the Hopkins method [37]. The different shaped-apertures studied here are the types
in which the amplitude transmittances vary with the different geometric structures of
light pipes from the center of“the. pupil toward/its rim. In order to do an image
evaluation, the purpose of this study is'to ‘calculate the OTF of the aberration-free
optical system (i.e. in-focus system and a diffraction-limited system) and the
defocused optical system. For the purpose of comparison, this chapter also includes
the OTFs of these two optical systems with a clear aperture as carried out by Hopkins
[37].

The remainder of this chapter is organized as follows. In Section 2 we revisit
on light pipes and light guides. In Section 3, we describe the optical projection system
with a light pipe. In Section 4, we derive the pupil functions of different geometric
structures of light pipes. In Section 5 we derive and analyze the corresponding OTFs
and analyze the image quality in an aberration-free optical system and in a defocused

optical system, respectively. Finally we draw our summary in Section 6.
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3.2 Revisit on light pipes and light guides: academic interest and current trends

A light pipe is a commonly optical element that manages light properties in
illumination systems, especially where extremely uniform illumination with specific
illuminance distribution is required. Typical applications are in the illumination
engines in the projectors, lithography, endoscopes and in optical waveguides. In
those applications, the illumination system is mostly a combination of a light pipe and
the corresponding imaging system with a projection lens. A light pipe is made with
parallel reflective sides, either as a cylinder or with a square or rectangular cross
section. The light source can be located on one end of the light pipe and the other end
is then the uniformly illuminated plane [18]. The uniform illumination on the exit
end of the light pipe is determined by the.ratio_between the length to the diameter and
also the cross-sectional shape of the light.pipe[19].» The multiple reflections of the
light source through the pipe canwproduce a spatially checkerboard-array-shaped light
distribution at the aperture stop of the-illumination system which is then projected to
the aperture stop of the corresponding imaging.system. Hence, we need to determine
the pupil function with a specific shaped aperture generated by the light pipe in the
optical transfer function (OTF) for the image evaluation in the optical system. The
earlier investigations of the use of shaped apertures are all in annular apodizers [3],
radial Walsh filters [5], multiple mirror telescopes [45], and the diffraction by an
aperture with central obstruction [46], and non-uniform amplitudes [6,7].

There are two kinds of the light pipes in term of the properties of the materials:
hollow light pipe and solid light pipe. A hollow light pipe is made with parallel
mirrors where the sidewalls join together and where coatings have the reflectivity of
less than 100 and angular/color dependence. A solid light pipe is made of the
dielectric material with the addition of the refraction, Fresnel loss, material absorption

and a total internal reflection. Additionally, such a dielectric-filled light pipe brings a
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factor of an index through Snell's law into the treatment of the angular profile and
requires a longer length to obtain a given uniformity [13]. In order to have a
convenient form of the pupil function, we employed the hollow straight light pipe in
the calculation of the OTF in this chapter. The consideration of a hollow straight light
pipe may be limited, but the study will provide a semi-analytical base of the
connection between the non-imaging and the imaging in order to have a “uniform”

source for imaging applications.

3.3 Configuration of the optical system

The schematic sketch of an optical projection system using a rectangular light pipe is
illustrated in Fig. 3-1 showing the relationships between the pupils and fields. The
system consists of the following subsystems: a light-source with Lambertian angular
distribution, an illumination system using a rectangular light pipe, a light valve and a

projection system.

Pupil of Pupil of

. o o Screen
Entrance of Exit of Tllumination Projection .
) . ) . . . . . (Imaging plane)

Light Pipe  Light Pipe System Light Valve System

LED R L — ﬂi’ i T T ) "“f T
g S ey St o Wy e
e e
Reflected <\< K#
Images . ) . . .
LightPipe  Lens-#1 Lens-#2 Lens-#3

of LED

Li Illumination System r‘. Projection System 4J

Figure 3-1 Schematic diagrams of the optical projection system with the light pipe and light-valve to

illustrate the relationship between pupils and fields.

The Lambertian light source is located at the entrance of the light pipe, and the
light source has an angular distribution extending from +90° to -90°. The exit is
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uniformly illuminated by the multiple reflections through the light pipe. The uniform
illuminance on the exit plane of the light pipe is transferred to its conjugate imaging
plane on the light valve. The multiple reflections of the light source through the pipe
can produce a spatial checkerboard-array-shaped light distribution that is a virtual
image at the entrance of the light pipe. This virtual image is imaged onto the aperture
stop of the illumination system by lens #1. Then, the image at the pupil of the
illumination system is conjugately imaged onto the aperture stop of the corresponding
projection lens system by lens #2 in the illumination system and lens #3 in the
projection system. Finally, the image on the light valve is projected onto the screen by
the projection lenses lens #3 and lens #4.
The dimension of the light pipe and,the light source is shown in Fig. 3-2, where

a and b are the width and the height of the.cross.section of the light pipe, respectively,

where L is the length of the light pipe-and ¢ 1s the size of the square light source.

Reflective surfaces

Figure 3-2 Schematic diagrams and Dimension of the light pipe and LED source.

The light pipe is made with parallel reflective sides with a rectangular cross
section. The multiple reflections of the light source through the pipe can produce a
spatial checkerboard-array-shaped light distribution that is the virtual image of the
light at the entrance of the light pipe as shown in Fig. 3-3 (a). The spaces between

each adjacent light spot are: a on the vertical axis and b on the horizontal axis, which
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are equal to the width and height of the cross section of the light pipe, respectively.
And, the size of each light spot is equal to that of the light source. The luminous flux
of each light spot is noted as F),, as shown in Fig. 3-3 (b). The subscripts m and n
stand for the reflective times on the horizontal axis and vertical axis, respectively, and
the plus and minus values of m and »n denote the opposite directions of the light source.
For example, F'; ; means the luminous flux of the light spot is reflected one time on
the horizontal axis and two times on the vertical axis and its location is shown in Fig.

3-3 (b).

Reflected
images

of LED

LED

Images at the aperture stops in optical system

(a) (b)

Figure 3-3 (a) Principle operation of light pipe. (b) Image at the aperture stop in the optical system.
The light pipe is made with the parallel reflective sides with the rectangular cross section. The multiple
reflections of the light source through the pipe can produce the spatially checkerboard-array-shaped

light distribution, a virtual image at the entrance of the light pipe.

3.4 Optical computation for pupil function
The equation of the luminous exitance from the light source is assumed as one pulse

function shown in Fig. 3-4.
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Figure 3-4 LED spatial light-intensity distribution’s chart.

and expressed as,

B(x,y)zBo ’ ‘X‘SE’

rls5 = lGven)-Hle-c2)]x [H(yweR)-HG-c2)] o

where c is the size of the squarg-lightseurce, By is the’luminous exitance (lumen cm™)
of the uniform light source, and H(x+¢c/2), H(x-c/2), H(y+c/2) and H(y-c/2) are the
step functions. The luminous \intensity -of -the/ light source with Lambertian

characteristics is given by
I,=1(0)=1,cos6 , -90°<0<90° (3-2)

where / is the luminous intensity (lumen ster’ ) of a small incremental area of the
source in a direction at an angle @ from normal to the surface, and / is the luminous
intensity of the incremental area in the direction of normal. Then, we can derive the
luminous flux (lumen) radiated from the Lambertian light source into the exit end of
the light pipe.

With reference to Fig. 3-5, we assume that the incremental rectangular area d4
on the end plane of the light pipe is dxdy, length R is the distance from the light
source to the incremental area, length L is the distance from the light source to the end

plane of the light pipe, and angle & is the angle from normal to the incremental area.
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The values a and b are the width and the height of the cross section of the light pipe,

respectively.

Exit plane Yok
of Light-pipe dAd = dx dv

Figure 3-5 Geometry of a LED source radiating into the exit plane of the light pipe.

The angle € can be substituted by L, x, y and R, and is given by

L L
cosf = =— 3-3
% (3-3)

\/LZ +ix2 +y2 ’

The luminous flux intercepted by the ineremental area‘is the product of the luminous

intensity of the light source and.the solid angle; which can be expressed as the

function of /), L, x and y according to Egs. (3-2) and (3-3) as given by
Ldd _I,L, 1,L
"RR* R [L2 + (x2 +y°

dF =IQdQ:I,,cos0%:I )]5/2 dxdy (3-4)

Then, we determine the individual luminous fluxes of the virtual light spots on the
entrance plane of the light pipe. The luminous flux Fof the virtual light spot on the
entrance plane of the light pipe is equivalent to the luminous flux F gy on the exit end
of the light pipe, which is radiated without any reflection through the light pipe as
shown in Fig. 3-6. We integrate Eq. (3-4) about x from —b/2 to +b/2 and about y

from —a/2 and +a/2 to find the luminous flux Fy, as given by

o jb/z JAa/z IL sy 55)
" -b/29-a/2 [L2 + (x 24y’ )]3/2
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Also, we can derive the powers Fy; and F) that are radiated with one time reflection

and a two times reflection through the light pipe, respectively, as shown in Fig. 3-6.

— +5a/2
I,Q,g

— +3a/2
I'ox

__ +al2

— 0

L i

Figure 3-6 Illustration of a LED source radiating into the exit plane of the light pipe for the different

virtual light spot on the entrance plane of the light pipe.

and they are given by
@b/2 m3a/2
I,L
F,, = PR ddy (3-6)
oJob2dan [L +(X T )]3
ab/2 @Sal2 3
I,L
F,, = s N\ 18 (3-7)

o2 93022 [L2 + (xz * yz)]j
where p is the reflectivity and the exponent of p is the reflective time. Finally we can
then summarize the expression of the luminous flux for each virtual light spot on the

entrance plane of the light pipe as follows,

(2n+1)b2 @(2m+1)ar2 ‘ | [ I
I I dxdy mn=..-3-2-10123.. (3-8)
(2m-1)as2 L + x + y ):Ij

(2n- ] h/2

where |m| and |n| stand for the reflective times through the light pipe on the horizontal
and vertical axis, respectively.

In order to have a convenient form for the numerical evaluation, we make the

2 2
reasonable assumption, (%j +(%) << 1. In most application cases that means that

the dimension of the cross section of the light pipe should be much less than the
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length of the light pipe. In this case, it is certain that the Lambertian light source is
uniformly transferred on the exit plane of the light pipe [19]. The numerical aperture
N.A. can be generally assumed around 0.5 as a minimum (i.e., the corresponding
fnumber is equal to unity) because of “Etendue limited” in most of projection
systems [39] and reducing an optical system to the commercial practice. Based on
the assumptions, the term in the integration in Eq. (3-8) can be approximately derived

as the following expression,

et ) - A )

Then, the integration of Eq. (3-8) ¢an be earried out by substituting Eq. (3-9). Finally,
the expression of the luminous flux for each virtuallight spot on the entrance plane of
the light pipe is given by

2n+1 b/Z 2m+1 a/2
F, = 2L4 J. o ,0‘"‘(2L2 3xtL3 )’ )dxdy

(2n- ] b/2 2m- 1 a/2

o sp s
_p Pl [_“419-“4]’ +2abL2—3a3bm2-3ab3n2j (3-10)

2r

mn=..-3,-2,-1,0,1,2,3 ...
From Eq. (3-10), we know that the luminous flux F,,, of the light spot can be
nonlinearly decreased with the different reflective times m and n through the light
pipe because of the characteristics of the angular profile for luminous intensity of a
Lambertian light source.
The pupil function of a defocused optical system with a circular aperture is

referring to Eq. (2-2) and given by [6]
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f(x,y):T(x,y)explika)zo(xz+y2)J Xy’ <
(3-11)
=0 X +yi> 1
where @y 1s the wave aberration of the defocused coefficient, (x ,y ) are the
normalized Cartesian coordinates, and k = 2774, where A is the wavelength of the light.
Function 7' (x, y) in Eq. (3-11) represents the amplitude distribution over the pupil.
The amplitude transmittance 7'(x, y) has a circular symmetrical pupil coordinate that
is scaled and normalized to make the outer periphery of the unit circle, x’ +y° < I.
It is assumed that the corresponding diameter of the effective aperture stop in
the projection lens system with be D. With reference to the array theorem [47], and by
combining Eq. (3-1) and Eq. (3-10), we can derive the amplitude transmittance of the
shaped aperture 7 (x, y) due to the multiple-reflections through the light pipe as

follows,

T(xy)=E'(xy)® 4:{x,y)

F 2ma 2nb

—E'(xy)® T Sy-—

() Y E[Aj (=78 -7
m:In{D/CZI-I},n:Int[D/Z;-]} (2-13)

where F),, denotes the luminous flux for the individual light spot on the entrance

(3-12)

plane of the light pipe, 5(x_% )5();_@ ) denotes the delta function indicating

D

the location of the individual light spot in the normalized coordinate on the entrance
plane,  E'(x,y)=[H(x+¢/D)- H(x-¢/D)] x [H(y +¢/D)- H(y-¢/D)] is  the

individual light spot illuminated by the Lambertian light source, then scaled and

2
normalized in to the pupil coordinate, A'= (%) is the area of the individual light
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mn

F
spot at the pupil and (7] is the illuminance (lux or lumen-cm™) of the individual

light spot at the pupil , while Inz[D/g_I} and Inz[D/l;_I} are the inter parts of

[D/c; - 1} and [%} , respectively. It is evident that the total aperture function is

formed by convolving the individual aperture function with an appropriate array of

the delta function, each located at one of the coordinate origins (xm .Y, ): (z’ga ZZTbj ,
where m, n = ...-2, -1, 0, 1, 2, ... The quality and location for the individual aperture

on the pupil depends on the dimension of the light pipe’s cross-section and length,
and the specific diameter of the effective aperture stop in the optical system. The total
aperture function is a direct result of the convolution theorem.

Next we quantitatively investigate  the /relationship between the geometric
structure of the square light pipe rand the amplitude transmittance of the shaped
aperture. And, it is assumed that there are no losses of-the reflectivity (i.e., p =1), the
absorption and the scatter in“the [light pipe: for the' simplification. The computer
program for evaluating Eq. (3-12) 1s written. n Mathematica software [41]. We
evaluate three cases for the amplitude transmittance of the shaped aperture 7'(x, y) as
follows,

(1) Case-1: D=20, a= b= 2.5, L= 60 and c= 0.5, 1.0, 1.5 and 2.0, respectively. The
distributions are shown in Fig. 3-7. The result shows that the individual aperture size
can be shrunk with the dimension of the Lambertian light source shrunk to the
specific diameter of the pupil. This is due to the fact that the size of the individual
aperture is the same as the projection mapped from the Lambertian light source in the
illumination system. That is equivalent to the term E ’(x, y) varied with ¢ in Eq

(3-12).
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(©) _ @
Figure 3-7 Total aperture functions on the normalized pupiliin the condition of D=20, a=b=2.5 and
L= 60 with (a) ¢c=0.5, (b) c=1.0, (¢) c=1.5, (d) ¢=2:0: '

(2) Case-2: D=20, ¢ =2.0, L= 60 and a = b= 2.5, 3.5, 5.0, 7.5 and 10.0, respectively.
The distributions are shown in Fig. 3-8. The result shows us that the total aperture
function consists of many individual aperture functions due to the light’s multiple
reflection through the light pipe as mentioned in the previous section. The
distance between the individual apertures can be increased with the dimensions of
the cross-section of the light pipe, i.e. a and b values, becoming bigger for the
specific diameter of the pupil. This is due to the fact that the cross-section size of

the light pipe can affect the locations of the multiple reflected images through the
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light pipe on the pupil as shown in Fig. 3-3(b). This is equivalent to the

term §(x - ZmTa )S(y - 22# ) varied with @ and b in Eq (3-12).

(c) (d)

(e)
Figure 3-8 Total aperture functions on the normalized pupil in the condition of D=20, ¢=2.0 and L=
60 with (a) a=b=2.5, (b) a=b=3.5, (c) a=b=5.0, (d) a=b=7.5, (e) a=b=10.0.
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(3) Case-3: D=20, a= b= 2.5, c= 2.0 and L= 20, 30, 60 and 120, respectively. The
distributions are shown in Fig. 3-9. The result shows that the amplitude of the
individual aperture can decrease from the center to the periphery when the light
pipe’s length increases. The reason for this is that the length of the light pipe can
affect the radiated solid angle and consequently the power of each individual light
spot on the exit plane of the light pipe as shown in Fig. 3-6. That is to say,

equivalent to the terms /,,, varied with L in Eq. (3-10) and Eq. (3-12).

(c) (d)
Figure 3-9 Total aperture functions on the normalized pupil in the condition of D=20, a=b=2.5 and
¢=2.0 with (a) L=20, (b) L=30, (c) L=60, (d) L=120.
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3.5 Optical transfer function and image performance evaluation
The optical transfer function (OTF) is derived from the autocorrelation of the pupil

function [37] by using the Hopkins canonical coordinates [48,49] and is given by

j fle+s2,9) f (x+s/2,y)dxdy
= o (3-14)

j e, y) £ (x, y)dxdy

g(0,0)

where f (x, y)is the pupil function shown as Eq. (3-11) , / (x, y) is the complex
conjugate of f (x, y), and s is defined as the spatial frequency,s=2(//# )A N, where
f/# is the F-number of the projection lens system , A is the wavelength and N is the
number of cycles per unit length in the image plane. The denominator of Eq. (3-14) is
the normalizing factor to make Dy (0)'='1.-Then'the g (s, 0) and g(0, 0) in OTF for the

pupil function f'(x, y) can be given by

eG0)= [0 WI e y}}[ (6 )] exp [iKx Jaxdy (3-15)

[1 (s/27 ]2

and

2(0,0)= j j T(x y) dxdy (3-16)

where K =2k w,,s. Because the pupil function is an even function, the term of
exp[iKx] can be reduced to cos[iKx] in the integral of Eq. (3-15). Then g(s, 0) is

rewritten as

(0= [y L e s ey )

In order to have the numerical computation in the Mathematica software [41], we

need to modify the Eq. (3-16) and Eq. (3-17) to the following convenient forms, i.e.,

2(0,0)= Z j xy)] dx ¢ - Ay (3-18)
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where y:ixq ) Ay:i .

p

(1-p2) =512

2(s,0)= Zp: j[ [T (x, )] > cos (iKx )dx ;- Ay (3-19)

q'=p' _[(1_},2)‘/2,S/2}

52 52
where y= 1-(s2) xq', Ay= 1-(s2) . By substituting the integral in Eq.
p' p'

(3-16) and Eq. (3-17) with y-axis for the summation in Eq. (3-18) and (3-19), an
initial setting of p=100 is made for the number of the interval used to find the value of

1-(s2)]" i . .
Ay = , and Ady=— for g(s, 0) and g (0, 0), respectively. Different
p

p

numbers of y, from - [1‘(5/2)2 ]1/2 to [1‘(5/2)2 ]1/2 , are then used to calculate the

OTF.

The OTF of different.pupil-functions 1s, numerically calculated using the
Mathematica software based on\the Eq. (3-11)-(3-13),(3-18) and (3-19). The OTF of
the aberration-free and defocused system with the ¢lear aperture Tp(x, y) =1 (x*+)°=
I) and 0 (x*+)° >1), already investigated by Hopkins [37], was calculated as a
comparison. We calculated and analyzed the OTFs of the four cases that are with
specific shaped aperture generated by the illumination with light pipe as follows,

(1) Case-1: the OTF in the aberration-free system with specific shaped apertures of
different geometric structure of the light pipe: a = b= 2.5 is fixed, L= 60 is fixed,
but ¢ varies from 0.5, 1.0, 1.5 to 2.0, as shown in Fig. 3-7. The OTF’s calculation
results are shown in Fig. 3-10. The general tendency of the OTF curve versus the
number of the individual aperture within the pupil in readily evident. There are a
total of 9 x 9 =81 individual apertures within the pupil. Meanwhile, there are 9
peaks on the OTF curve at the near-periodically spatial frequencies around 0, 0.25,

0.50, 0.75, 1.00, 1.25, 1.50, 1.70 and 1.90. The OTF values of the odd-peak
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frequencies for different sizes of the Lambertian light sources (i.e. value ¢) remain
very similar to the values of the OTF’s of the corresponding frequencies for the
clear aperture. However, the OTF values of the even-peak frequencies can
decrease with the decrease in the light-source size. Therefore, if the size of an
individual aperture is much less than that of the pupil, then OTF values of the

even-peak frequencies will be almost zero.

OTF

Figure 3-10  Optical transfer functions in aberration-free system with a clear aperture T, and specific
apertures generated by different light pipe’s geometric structure with fixed a=b=2.5 and fixed L= 60

and different conditions of ¢=0.5, ¢=1.0, c=1.5 and ¢=2.0.

(2) Case-2: the OTF in the aberration-free system with specific shaped apertures of
different geometric structure of the light pipe: ¢ = 2.0 is fixed, L= 60 is fixed, but
a = b varies with 2.5, 3.5, 5.0, 7.5 and 10.0, as shown in Fig. 3-8. The results of
the OTF’s calculation are shown in Fig. 3-11. For a=b=2.5, there are a total of 9
x 9 = 81 individual apertures within the pupil, and there are 9 peaks on the OTF
curve. For a=b=3.5, there are a total of 7 x 7 = 63 individual apertures within the

pupil, and there are 7 peaks on the OTF curve. Together with the other cases,
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we can conclude that if there are a total of n x n individual apertures within the
pupil then there will be n peaks on the OTF curve. Furthermore, the peaks show at

nearly periodic responses to the OTF curve.

1.0
0.8

0.6

OTF

0.4

0.2

Figure 3-11 Optical transfer functions in aberration-free system=with a clear aperture T, and specific
apertures generated by different light«pipe’s geometric structurewith fixed ¢=2.0 and fixed L= 60 and
different conditions of a=b=2.5, a=b=3.5; a=b=5.0, a=b=7.5 and a=b=10.0.

(3) Case-3: the OTF in the aberration-free system with specific shaped apertures of
different geometric structure of the light pipe: a = b= 2.5 is fixed, c= 2.0 in fixed
but L varies with 20, 30, 60 and 120, as shown in Fig. 3-9. The OTF’s calculation
results are shown in Fig. 3-12. We can see that the values of the OTF remain
almost unchanged with the different lengths of the light pipe (i.e. the value of L.)
even though the amplitude of the individual aperture decreases from the center to

the peripheral when the length of the light pipe is increases.
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OTF

Figure 3-12 Optical transfer functions in«aberration=free system with a clear aperture T, and specific
apertures generated by different light pipe’s-geomefric structure with fixed a=b=2.5 and fixed c= 2.0
and different conditions of L=20, L=30, L=60-and-L.=120.

(4) Case-4: the OTF in the defocused system with the clear shape and the fixed
shaped apertures and with a geometric'structure of the fixed light pipe: a = b= 2.5
is fixed, c= 2.0 is fixed, and L =60 is fixed too, as shown in Fig. 3-8 (a). The
OTFs are calculated for the different defocused coefficients for
wz2= 0, Mm, 2A/n, 3A/m, SA/mt and 10A/n, as shown in Fig. 3-13 (a) and Fig. 3-13
(b), respectively. The spatial frequency of the first zero is commonly defined as
the resolution limit of the optical system with aberration, and we can assume that
the first corresponding zero is the degree of the defocused system. When we
compare Fig. 3-13 (a) to Fig. 3-13 (b), it is evident that the degree of defocus for
the optical system with a clear aperture is equal to that of the optical system with
specific shaped apertures generated by the light pipe. Therefore, we can conclude

that the geometric structure of the light pipe does not affect the resolution limit of
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the optical system. We also find that the OTFs of the defocused system can

coincide with those of the aberration-free system under the condition of a larger

20.

OTF

(@)

OTF

(b)

Figure 3-13 Optical transfer functions in defocused system with (a) a clear aperture and (b) one specific
aperture generated by different light pipe’s geometric structure with a=b=2.5, c= 2.0 and L=60 for the
different defocused coefficients ®20= 0, A/x, 2A/m, 3A/mt, S5A/m and 10A/.
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3.6 Summary and remarks

The pupil function of the specific shaped aperture generated by illumination
with a rectangular hollow light pipe has been investigated. The corresponding OTFs
were derived in the aberration-free and defocused optical systems, respectively. The
semi-analytical results indicate that the OTF’s curve of the optical system can vary
with the different shaped apertures that are generated by the illumination with light
pipes and light sources of different geometric structures.

In summary, (1) the OTF values of the even-peak frequencies can decrease
when the size of the Lambertian light source decreases, (2) if there are a total of n x
n individual apertures within the pupil, then there are n near-periodical peaks on the
OTF curve, (3) the OTF’s values remain,almost unchanged with the different length
of the light pipe, (4) the geometric strueturecof the light pipe does not affect the
resolution limit of the optical system, and the case of the defocused system can
coincide with that of the aberration-frée system under the condition of a larger
defocused coefficient wyy.

The semi-analytical method can be extended for any symmetrical
cross-section shape of the light pipe, for example, the hexagonal cross-section shape
or elliptical one, and any asymmetrical cross-section shape of the light pipe, which
can generate the symmetrical and asymmetrical forms of the pupil function,
respectively. For these cases, it is difficult to describe the pupil functions of the
specific shaped apertures using the photometric method, as we did for rectangular
light pipes. However, by utilizing a simulation package, one can easily verify the
illumination distribution for the specific light pipes by Monte Carlo non-sequential
ray tracing. Then, we can obtain an approximating pupil function which performs a fit
for a sequence of ray-tracing data using the interpolation method, and we can

calculate and analyze the OTFs of the specific cases finally.

49



Furthermore, the semi-analytical method can be extended for the lithography
optical system with the mercury arc lamp and quartz rectangular light pipe, for the
color-LED array with specific light pipe, or for the endoscope optical system with
circular light pipe and so on. Also, this method can also be applied to other kinds of
light integrator in an optical system, such as for example, the fly-eye integrator.
Because the level of the requirements of the resolution for the object, the light-valve
and the light-mask will continue to increase, an investigation into the relationship
between the projection system and the illumination system is certainly worthwhile

and will be explored in the future.
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Chapter 4

Programmable apodizer in incoherent imaging

system using a digital micromirror device

4.1 Introduction

This chapter proposes a programmable apodizer using a digital micromirror
device and the total-internal-reflection prism subsystem for incoherent imaging
systems. It is shown that the proposed programmable apodizer can extend the depth of
focus with the specific shaped aperture; generated by the digital micromirror device.
With a scale ratio K equal to ordess than 0.055/0ne ¢an achieve almost the same level
of imaging quality as provided by the conventional annular apodizer, where K
represents the ratio between the integet multiple-of the ' micromirror’s square pixel size
and the diameter of the effective aperture stop.

The remainder of this chapter is organized as follows. In Section 2, we revisit
on expending the depth of focus (EDOF) and digital micromirror device (DMD). In
Section 3, we describe the configuration of the proposed system which consists of a
digital micromirror device and a total-internal-reflection prism subsystem is
illustrated. In section 4, we derive the pupil functions of the differently shaped
apertures which are generated by the digital micromirror device. Then, in section 5,
we calculate the optical transfer function and analyze the image quality in such an
incoherent imaging system. Furthermore, the corresponding OTFs is evaluated and
then to identify the imaging performance for a system of perfect imaging
(aberration-free) as well as the defocused one in section 5. Finally, the summary and

remark are given in section 6.
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4.2 Revisit on extending the depth of focus (EDOF) and digital micromirror
device (DMD): technology impact

Extending the depth of focus (EDOF) in an imaging system has been a
long-standing issue in optical designs. Enhancing the quality of an image can be
achieved and determined not only by the pupil function but also by its amplitude
transmittance [1]. Non-uniform amplitude transmission filters can be employed to
vary the response of an optical imaging system, for instance, to increase the focal
depth and to decrease the influence of spherical aberration. Earlier EDOF
investigations and experiments were carried out on annular apodizers [3,4],
non-uniform shaped apertures [6,7] and wave-front coding [8,9] in imaging systems,
where the nature of light is incoherent.. . However, none of those are programmable
for the amplitude transmission«at‘the aperture stop. From the point of view of
potential applications as well"assfrom a purely acadeémic interest perspective, it is
worthwhile to explore the possibility of how to realize a programmable apodizer for
incoherent imaging systems.

In the literature, amplitude-transmitting filters for apodizing and
hyper-resolving can be implemented with a programmable liquid-crystal spatial light
modulator operating in a transmission-only mode in a coherent imaging system with
the laser light source, polarizers and quarter-wavelength plates [50,51]. In this
chapter, we proposed a programmable apodizer using the digital micromirror device
(DMD™; Texas Instrument, Dallas, Tex.) [52] and the total-internal-reflection (TIR)
prism subsystem in a polarization-free mode in an incoherent imaging system. We
evaluated the imaging properties of the incoherent imaging system with a specific
shaped aperture generated by DMD™ by calculating the optical transfer function
(OTF) using the Hopkins method [37]. We also included the OTF of the specific

shaped aperture for the conventional annular apodizer, which has been demonstrated,
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both theoretically and experimentally, by Mino and Okano [6] to show that the
proposed programmable apodizer can not only extend the depth of focus but can also
achieve almost the same level of imaging quality as the conventional annular apodizer

in an incoherent imaging system.

4.3 Configuration of the optical system with digital micromirror device

The schematic sketch of an incoherent imaging system using one DMD™ and
a charge-coupled device (CCD) imager is illustrated in Fig. 4-1. The system is formed
by an image-taking lens module and a prism module. By following the paths of the
axial rays as indicated by the solid lines in Fig. 4-1, the rays starting from a point in
the object pass through Lens #1 and a_prism module. The size of the axial cone of
energy from the object is limited by thesaperture stop on the DMD™. The DMD™
consists of hundreds of thousandssof moving micremitrors that are made to rotate to
either +12° or -12° positions depending on the binary state, i.e. on-state or off-state, of
the underlying Complementary Metal. Oxide Semi-conductor Synchronized Dynamic

Random Access Memory (CMOS SRAM) cells below each micromirror [52].

Object
(Object plane)

AAAAAAAAAAA » On-state light
_____ » Off-state light Lens #1

Lens #2

CCD

TIR prism  \ \ / (Image plane)

o — /
(Aperture stop)

Figure 4-1 Schematic diagram of the incoherent imaging system with the DMD™ and the

total-internal-reflection (TIR) prism subsystem.
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The DMD™ array size is 1024x768, and the pixel micromirrors measure
~13.7 um square to form a matrix having a high fill factor of around 90%. The prism
system comprises two transparent prisms, with an air gap between them. Total
internal reflection (TIR) at the interface between the prism and the air gap is utilized
to separate the rays by their angle. Total-internal-reflection (TIR) prism has been
applied into the DMD™-based projection display in practice [14]. The prism system
can guide the rays onto and away from the DMD™ simultaneously. The rays
indicated by the dotted lines in Fig. 4-1 from the object are imaged and focused onto
the CCD by Lens #2 when the configuration of the DMD™ is the on-state. When
the configuration of the DMD™ is the off-state, the rays indicated by the dashed lines
in Fig. 4-1 are steered away in the opposite direction, and the rays from the object are
not imaged on the CCD. The DMD™ performs a §patial light modulation to rapidly
generate a specific shaped aperture with eithetr unifortm or non-uniform illumination
distribution at the aperture stop'in an.imaging system within the limited exposure time.
This digital micromirror device ¢an-provide a programmable apodizer with a specific
binary transmission for the incoherent imaging system. This implementation is not
limited by this practical device. The TIR prism performs light separation to manage
the illuminations and also make the normal vectors of the object, aperture stop and
image planes, respectively, coincide with the optical axis of the optical imaging

system with the most compact volume.

4.4 Optical computation for pupil function

The pupil function of a defocused optical system with a circular symmetrical aperture

is referring to Eq. (2-2) and given by [6]
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f(x,y)zT'(x,y)explika)z,,(x2 +y2)J X +y’ <1
(1)

=0 x4y’ > 1
where @y 1s the wave aberration of the defocused coefficient, (x ,y ) are the
normalized Cartesian coordinates, and k = 27/4, where A is the wavelength of the light.
Function T ’(x, y) in Eq. (4-1) represents the binary amplitude distribution over the
normalized pupil coordinate that is scaled and normalized to make the outer periphery
the unit circle, x’+y°< /. The binary amplitude transmittance T '(x, y) is

generated by the DMD™ as shown in Fig. 4-2.

T'x ¥

1
// T(x. )

Xy

¥y

Figure 4-2 Illustration of the binary amplitude transmittance T '(x, y) for the normalized circular
aperture which is generated by the DMD™, T (x, y) represents a specifically shaped aperture for a

conventional annular apodizer.

We can derive the amplitude transmittance of the shaped aperture T '(x, y) in

an on-state configuration as follows,
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T'(x,y)=E'(x.y)® ZZT(x,y)§(x— ZZC) S5y - 2]’;") (4-2)

(4-3)

os|m|,|n|szm[D/C" }

where ® represents the convolution operation. T(x, y)=1—(x2 + yz) denotes
the amplitude transmittance with a continuous profile at the aperture stop which can
extend the focal depth in the imaging system with a conventional annular apodizer [6].
D is the corresponding diameter of the effective aperture stop. ¢ represents the width
of each square individual aperture generated by DMD™ in the pupil plane, which is
equal to an integer multiple of the value d, with d being the width of each square pixel
in the DMD™.  §[x - (2me/D)J5[y - (2ne/D)] denotes the delta function indicating the
location of the individual aperture in‘the normalized coordinate on the aperture stop.
E'(x,y)=[H(x +¢/D)- H(x - /D) x [y +c/D)-H(p=c/D)| is the binary amplitude
transmittance of the individual shaped aperture, which-is then scaled and normalized
into the pupil coordinate. In#{(B/c-1)/2] is the interpart of [(D/c-1)/2]. H(x+ ¢/D),
H(x- ¢/D), H(y+c/D) and H(y- ¢/D) ate the-step functions. It is evident that the total
aperture function is formed by convolving the individual aperture function with an
appropriate array of the delta function, each located at one of the coordinate
origins(x,,, v, )= (2mc/D , 2nc/D), where m, n=...-2,-1,0, 1,2, ...

The quality and location of the individual aperture on the pupil depends on the
scale ratio defined as

K =(c/D) (4-4)
for the specific diameter of the effective aperture stop on the DMD™ in the imaging
system. The value of the scale ratio K determinates how many resolutions, how many
gray levels and how fast the DMD™ can dynamically generate the shaped apertures

within a specific exposure time.
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It is worthwhile to give an example for illustration. If the DMD™ array is
1024x768 with a pixel size of 13.7 um square, and the active area is 14.03 mm x
10.52 mm = 147.60 mm? [52], then the number of D is ~10.52mm (i.e. equal to the
width of the active area of the DMD) if the effective aperture stop is located on the
circular area centered at the actual DMD™., In the case of K =0.05, the width of each
individual square aperture ¢ is 0.53mm and is equivalent to 38 square pixels with the
same amplitude transmittance. There are 10 (i.e. ns [(D/c - 1)/2]+1) gray levels for a
specific shaped aperture including the full bright mode and full dark mode. The
current DMD™™- based system can offer 8 bits or 256 gray levels within a time period
of 5.6 ms per primary color [52]. Thus, the DMD™ can rapidly generate one shaped
aperture with 10 gray levels within the,very short exposure time of 0.22 ms (i.e.
5.6x10/256) in the case of K =0.05.

The computer programwfor evaluating ~Eq. (4-2)-(4-4) is written in
MATHEMATICA software [41]. t\We “assumed D=2 for the simplification and
evaluated four cases for the scale ratios K=0, K=0.05, K =0.1 and K =0.3. The binary
amplitude transmittances of the shaped apertures 7 '(x, y) are shown in Fig. 4-3. The
scale ratio K=0 stands for the amplitude transmittance with a continuous profile. It
is evident that the scale level of the binary amplitude transmission at the aperture stop
increases with the reduction of scale ratio K, and the distribution of the binary
amplitude transmission gets close to the continuous profile if the scale ratio K

decreases.
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Figure 4-3 Binary Amplitude transmittance 1 '(x, y) with 7(x, v) =1- (x*+)°) on the normalized
pupil in the condition of D=2, and scale ratios at (a) K=0, (b) . K=0.05, (c) K=0.1, and (d) K=0.3, which
are generated by DMD™,

In order to evaluate the relationship between the image performance and the
size of the individual square aperture on the normalized pupil, we modified Eq. (4-2)

and (4-3) to the following equations.

T(xp)=E(x0)® D > Tl)o- 20 5(- 22 4-5)

(4-6)

0S|m|,|n|slnt{D/a_1}+]

where ® represents the convolution operation. T(x,y)=1 denotes the
amplitude transmittance with a clear aperture. D is the corresponding diameter of the
effective aperture stop. ¢ represents the width of each square individual aperture

generated by DMD™ in the pupil plane. The parameter a represents the distance

between each  square  individual = aperture as shown in  Fig.
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4-2. 8[x-(2ma/D)d]y - (2na/D)] denotes the delta function indicating the location of
the individual aperture in the normalized coordinate on the aperture stop.
E'(x,y)=[H(x+¢/D)- H(x-¢/D)] x [H(y +¢/D)- H(y-¢/D)] is the binary amplitude
transmittance of the individual shaped aperture, which is then scaled and normalized
into the pupil coordinate. Int[(D/a-1)/2] is the interpart of [(D/a - 1)/2]. H(x+¢/D),
H(x- ¢/D), H(y+c/D) and H(y- ¢/D) are the step functions. It is evident that the total
aperture function is formed by convolving the individual aperture function with an
appropriate array of the delta function, each located at one of the coordinate
origins(x,,, y, )= (2ma/D , 2na/D), where m, n = ...-2, -1, 0, 1, 2, ... We assumed D=2
and @=0.25 in Eq. (4-5) and (4-6). Four cases of the binary amplitude transmittances
T'(x,y) for ¢=0.05, ¢ =0.1, ¢ =0.15 and ¢.=0,2 were computed and shown in Fig. 4-4.
There are nine individual apertures aleng x-axis and y-axis within the pupil,
respectively. The results show that the individual-aperture size on the normalized
pupil is shrunk with the width of eéach square individual aperture (i.e. the value ¢)

generated by DMD™. That is equivalent to theterm E’(x,y) varied with ¢ in Eq.

(4-5).
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Figure 4-4 Binary Amplitude transmittance—1 '(x, y) with 7(x,-») =1 on the normalized pupil in the
condition of D=2 in different conditions of (a) ¢=0.05, (b) ¢=0.1,.(c) ¢=0.15 and (d) ¢=0.2, which are

generated by DMD™,

4.5 Optical transfer function and image performance evaluation

The OTF is derived from the autocorrelation of the pupil function by using the

Hopkins canonical coordinate [37, 48-49] and is given by

7(s) = g(S,O)_I:I}ix:S/Z’y)f*(x_S/Z’y)dxdy
g(O,O) j jf(x:Y)f*(X,y)dxdy

(4-7)

where 1 (x, y)is the pupil function shown in Eq. (4-1) , f (x, ) is the complex
conjugate of f'(x, ), and s is defined as the spatial frequency s=2 FA N . Here F is
the f~number of the imaging lens system, A is the wavelength and N is the number of

cycles per unit length in the image plane. The denominator of Eq. (4-7) is the
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normalizing factor for making 7)(0) = 1. The g (s, 0) and g(0, 0) in the OTF for the

pupil function f'(x, y) can then be given by
[1 S/Z) ] 2)1//2*S/2:| , S , S .
s 0) J.[1 (/27 ] 1/2_[{ 1oy )l/zis/z:i T x+ E,y T x —E,y exp [zAx ]dxdy (2-8)

and

2(0,0)= j J‘ '(x, y)f dxdy (2-9)

where A=2k w,, s. Because the pupil function is an even function, the term of

exp| iAx] can be reduced to cos [ Ax] in the integral of Eq. (2-8). Then g (s, 0) can be

rewritten as
[1 s/2)2 ”

s 0 J[] w2y j 2)),21//22}} T’(x + %y] . T'(x - %y] - cos (Ax)dxdy (2-10)
Egs. (2-9) and (2-10) can be furthet moditied as

2(0,0)= Z J r (x y)fdx - Ay (2-11)
where y=(1/p)xq , av=(I/p) -

v [(1-;»2)’/2—“2}
g(s,0)= j T'(x+%,yj-T'(x—%,yj-cos (Ax )dx |- Ay (2-12)
[

R (I—yz)‘/z—s/Z}
. By replacing the integral in Egs. (2-9)

and (2-10) with the y-axis for the summation in Egs. (2-11) and (2-12), an initial

setting of p=100 is made for the number of intervals used to find the value of

dy=[1-(s2V]"/p' and Ay=1jp forg(s, 0)and g (0, 0), respectively. Different

[ ]1/ [ ) ]1/2
numbers of y, from - U ‘(S / 2) to LI-(s/ 2) , are then used to calculate the

OTF.
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The OTF of the different pupil functions are numerically computed using
MATHEMATICA software [41] based on Egs. (4-2)-(4-4), (4-11) and (4-12) for
binary amplitude transmittances of the aperture functions for K=0.05, K=0.1, and
K=0.3 which are shown in Fig. 4-3. The OTF of the aberration-free and defocused
system with a clear aperture 7(x, y) = 1 (i.e. a uniform-shaped aperture) and one
specific shaped aperture T(x, y) =1- (x’+°), as x’+)” = 1, and T(x,y)=0 as x’+y°> I,
over the normalized pupil coordinate which is scaled to make the outer periphery as
one unit circle, i.e., x° +y’ < I, respectively, already investigated theoretically and
experimentally in the literature [6], are calculated again here for comparison.

The results for the aberration-free system i.e., wy= 0 is shown in Fig. 4-5(a),
and the defocused systems with @z= A/m;3A/7, SAM/nt, 100/t and 15A/nt are shown in
Figs. 4-5 (b)-(f), respectively. We compared.the OTE of the different scale ratios K to
the OTF of a clear aperture T, ) = 1. For the large values of wzx, e.g.,
SMm, 10/t and 15A/mas shown in_ Fig.  4-5(d)-(f), the spatial frequency
corresponding to the first zero becomes smaller. Since the spatial frequency of the
first zero generally represents the resolution limit of a defocused imaging system, we
can take the first zero as defining the degree of focus. The larger degree of focus in
the larger value of w,) commonly represents the longer depth of focus in a defocused
system. For the large values of @z, the degree of focus for the aperture with scale
ratio K less than 0.3 is larger than for the aperture 7(x, y) = 1. It is evident that the
specific shaped aperture, which is generated by the DMD™ with scale ratio K=0.3 or
less, can then extend the depth of focus compared to a clear aperture in the
conventional imaging system. We also compared the OTF of the different scale
ratios K to the OTF of one specific shaped aperture T(x, y) =1- (x’+y°). The OTF
value of the former increased and got close to the OTF value of the latter when the

scale ratio K decreased gradually, especially in the low spatial frequency region. This
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shows that the OTFs of the specifically shaped aperture, which are generated by the
DMD™, with scale ratio K=0.05 or less can coincide with the OTF of the

conventional annular apodizer with continuously-shaped aperture.
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Figure 4-5 Optical transfer functions in an aberration-free system and a defocused system with
different defocused coefficients (a) @w.=0, (b) w,= A/, (¢) W= 3M/w, (d) W= SA/w, (€) ws= 10A/7
and (f) wy~= 15\/x, for binary amplitude transmittances of the aperture functions for K=0.05, K=0.1,
and K=0.3, which are generated by the DMD™, and for a clear aperture 7(x, y) = 1 and one specific

shaped aperture T(x, y) =1- (x’+)7) of a conventional annular apodizer, respectively.
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To highlight the capability of our approach, we take a spoke pattern to explore
imaging performance. Referring to Fig. 4-6, in column A, one could see the images
for the clear aperture, while in column B, the images for the specific shaped aperture
with scale ratio K=0.05 are shown. Furthermore, the lines (a)-(d) correspond to the
images obtained with the defocused coefficients of
@20= 0, W= SM7, = 100M/1t, and  @y= 1501, respectively. Comparing with the
images for the specific shaped aperture, the images for the clear aperture show a more
critical loss of contrast at high spatial frequencies with larger wy. Hence, we can
conclude that the image quality will be enhanced as the specific shaped aperture is
used, especially for the large defocus coefficients in an imaging system. In other
words, as for a real implementation of the DMD™, the specific shaped aperture can
extend the depth of focus compared to asclear aperture in the conventional imaging

system.
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the binary amplitude transmittances 7 '(x, y) for ¢=0.05, ¢ =0.1, ¢ =0.15 and ¢ =0.2 in
the conditions of T (x, y)z 1, D=2 and a=0.25 which is shown in Fig. 4-4. The OTF
of the aberration-free system with a clear aperture 7(x, y) = 1 was also calculated here
for comparison. The OTF’s calculation results for the aberration-free system are
shown in Fig. 4-7. The general tendency of the OTF curve versus the number of the
individual aperture within the pupil is readily evident. There are nine individual
apertures along x-axis and y-axis within the pupil, respectively. Meanwhile, there are
nine peaks on the OTF curve at the near-periodic spatial frequencies around 0, 0.25,
0.50, 0.75, 1.00, 1.25, 1.50, 1.70 and 1.90. The OTF values of the odd-peak
frequencies for different sizes of the individual apertures (i.e., value ¢) remain very
similar to the values of the OTF’s of. the, corresponding frequencies for the clear
aperture. However, the OTF values of the.even-peak frequencies can decrease with
decrease in the size of the individual-aperture: Therefore, if the size of an individual
aperture is much less than that.of pupil; then OTFE values of the even-peak frequencies

will almost be zero.

1.0 ¢

0.8

00 o A

00 02 04 06 08 10 12 14 16 1.8 2.0
-0.2 - S

Figure 4-7 Optical transfer functions in an aberration-free system with a clear aperture and the binary
amplitude transmittances of the aperture functions for different conditions of ¢=0.05, ¢=0.1, ¢=0.15 and

¢=0.2, which are generated by the DMD™.
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4.6 Summary and remarks

One programmable apodizer using the digital micromirror device (DMD™)
and the total-internal-reflection (TIR) prism system has been applied to incoherent
imaging systems. The OTF model semi-analytically demonstrated that the proposed
programmable apodizer for the specifically shaped aperture generated by a digital
micromirror device can extend the depth of focus compared to a clear aperture in a
defocused system. It shows that the specifically shaped aperture with scale ratio K
equal to or less than 0.05 can achieve the same improved imaging quality as that of
the conventional annular apodizer. Meanwhile, the general tendency of the OTF
curve versus the number of the individual aperture and the binary amplitude
transmittances with the discontinuous  peak profile within the pupil has been
investigated. It is evident thatsthe OTE,values of the even-peak frequencies can
decrease when the size of the individual aperture deereases.

It is worth noting that the proposed. model can rapidly generate one
specifically shaped aperture with“10-gray levels.within the very short exposure time of
0.22 ms in the case of K =0.05. On the other hand, the TIR prism can make the
normal vectors of the object, aperture stop and image planes, respectively, coincide
with the optical axis of the optical imaging system for a very compact volume.
Further refinement of the shaped aperture design should be able to dynamically

provide improved imaging quality for many varied scenes.
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Chapter 5

Extending the depth of field in conventional
imaging system with structured light at aperture

stop

5.1 Introduction

In this chapter we propose a programmable structured light to shape one binary
incoherent source of illumination to improve the depth of focus and numerically
demonstrate the improvement of.image quality in/conventional imaging system such
as photography, projector and*optical-microscopy. | As a theoretical demonstration
and as a reference for further practical implementation, we also propose to use a
digital micromirror device (DMD™; Texas Instrument, Dallas, Tex.) [58] or light
emitting diode (LED) array module in"a non-imaging subsystem. The shaped pupil
with this specific incoherent illumination, i.e., the proposed structured light, is
projected onto the aperture stop in an incoherent imaging system. We will evaluate the
imaging properties of the projection system with defocus, spherical aberration and
coma, where a specifically shaped pupil on the aperture stop is embedded, by
calculating the optical transfer function (OTF) using the Hopkins method [37]. We
then take the computer-simulated images of resolution patterns to explore the image
performance. We also include the OTF of the specifically shaped aperture for the
conventional annular apodizer, as demonstrated, both theoretically and experimentally
by Mino and Okano [6], to show that the proposed programmable shaped pupil does

not only extend the depth of focus but can also achieve almost the same level of
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imaging quality as the conventional annular apodizer in an incoherent imaging
system.

The remainder of this chapter is organized as follows. In Section 2, we introduce
what structured lighting and smart lighting are. In Section 3, we revisit Kohler
illumination and its applications. We design and illustrate three configurations of (1) a
photography system with structured light, (2) a projector system with embedded
illumination modulator and (3) a microscopic system with structured illumination in
Sections 4, 5 and 6, respectively. Then, in Section 7, we compute the pupil functions
of the differently shaped pupil that are generated by DMD and LED, and we calculate
the optical transfer function for those optical systems of perfect imaging
(aberration-free) as well as the defocused, spherical and coma aberrations.
Furthermore, the corresponding.image performances are evaluated and identified in

Section 8. Finally, the conclusionssare given in‘section 9.

5.2 Revisit on structured lighting

Structured light is the projection of a light pattern, such as a plane, grid, or more
complex shape, at a known angle onto an object as illustrated in Fig 5-1. This
technique can be very useful for imaging and acquiring dimensional information
[53,54]. The most often used light pattern is generated by fanning out a light beam
into a sheet-of-light using a laser scanning system or an optical projector. When a
sheet-of-light intersects with an object, a bright line of light can be seen on the surface
of the object. By viewing this line of light from an angle, the observed distortions in
the line can be translated into height variations. Either scanning or projecting the
object with the light constructs 3-D information about the shape of the object. This is
the basic principle behind depth perception for machines, or 3D machine vision.

Another method of obtaining optical sectioning is using structured light in a
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conventional wide-field microscope by projecting a single-spatial-frequency grid
pattern onto the object [55] as shown in Fig. 5-2. It provides a method with partially
coherent illumination to resolve the entire image volume of an object that is
substantially similar to those obtained with confocal microscopes.  Above
investigations are to project the specific structured light onto the object to produce an

optically sectioned image for detecting the depth of field in photography or extending

Laser scanning
or a projector

3D Height Information

the depth of focus in microscopy.

CCD Camera

(b)

Figure 5-1 (a) A schematic diagram of structured lighting system for 3D Scanning [56]. (b) From left to

right: a structured light scanning system containing a pair of digital cameras and a single projector, two
images of an object illuminated by different bit planes of a gray code structured light sequence, and a

reconstructed 3D point cloud [57].
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specimen

Figure 5-2 A schematic diagram of the structured lighting system for a conventional wide-angle
microscopy [55] where (a) is an autofocus image of lily pollen grain, obtained by the structured
lighting microscopic system. The field size.is 100pm-x 70um. (b) Conventional image of lily pollen

grain when the microscope is focused.in a mid-depth plane.

5.3 Kohler illumination and its modification

Kohler illumination [18}1s.a popular method used in optical microscopy and
projector. The general configuration “of" "Kohler illumination is schematically
diagrammed in Fig. 5-3. It provides a uniform illumination and high optical collection
efficiency in an incoherent imaging system. The function of the condenser is to image
the light source directly into the aperture stop of the imaging lens system so that the
lens aperture has the same brightness as the light source. The function of the imaging
lens system is to produce a bright and uniform illuminated object on the image plane.
For optical microscopy, the object is either a transparent or a reflective sample, and
the image plane is human eyes or a charge-coupled device (CCD) imager. For optical
projector, the object is a film or a light valve, such as liquid crystal device (LCD), and
the image plane is a screen. It is apparent that the maximum illumination on the image

plane is limited by the size of the aperture stop in the imaging lens system. Therefore,
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if the imaging size of light source is equal to or greater than the size of the aperture
stop, the illumination is optimized, and if the condenser is sufficiently larger so that
the illumination light is not vignetted, the illumination over the full image filed is as

uniform as possible.

Condenser Object Imaging Aperture Imaging Image
lens #1 stop lens #2

~——

Light source

.. S ‘ . Image of
Kéhler illumination system light source

[ Imaging lens system

¥

Figure 5-3 General schematic diagram of-the Kdhler illumination system and the conjugate focal

planes.

The primary aberrations Which are coneérned in Kohler illumination system
are spherical and chromatic aberrations; coma, field curvature, astigmatism, and
distortion are of secondary importance [18]. The spherical aberration could be
controlled by splitting one condenser into two or three spherical lens elements, or by
replacing the condenser with the aspherical lens element in order to correct the
illumination light at the marginal zone of the condenser and the edge of the field. The
chromatic aberration could be corrected by designing one achromatic doublet as usual.
It should be noted that if the imagine lens aperture is only partially filled by the light
source image, the diffraction effects will differ from those associated with a fully
illuminated aperture. For example, if only the center of the aperture is illuminated,

this “semi-coherent illumination” causes the modulation transfer function (MTF) at
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low spatial frequencies to be increased, and the MTF at high spatial frequencies to be
reduced.

In this chapter we will expend this principle and investigate what the image
quality will be if we modulate the illumination distribution at the aperture stop in an
incoherent imaging system as shown in Fig 5-4. We design a programmable
structured light to shape one binary incoherent source of illumination using a spatial
light modulator (SLM), such as DMD and LED array, which is imaged into the
aperture stop in an incoherent imaging system and calculate the optical transfer

function (OTF) for evaluating the corresponding image performance.

Condenser Object Imaging Aperture Imaging Image
lens #1 stop lens #2

it
LM Uﬁ J/T _______________

K&hler illumination system % Image of SLM

S

- Imaging lens system >
!

SLM is imaged into aperture stop

| i e
= E : — E
=mys e all =i
= o NE — mns
— Emcd ME _— 3 T
S Fas —
=1 m= \What happened if using a shaped aperture? = Il —
=l I " == Is image quality improved or degraded? = I" pnd

Figure 5-4 Schematic diagram of the modified Kéhler illumination system with a shaped aperture

using the structured light and the conjugate focal planes.

5.4 Configuration of the photography systems with structured light
The schematic sketch of an optical system with the programmable shaped

pupil in photography is illustrated in Fig. 5-5. The system consists of a non-imaging
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subsystem and an incoherent imaging subsystem. The non-imaging subsystem is
formed by an illumination optical module, a uniform white light source (for example,
a white high-brightness light emitting diode, LED) and a digital micromirror device
(DMD™; Texas Instrument, Dallas, Tex.) [58] The DMD is a means of creating the
structured light. This implementation is not limited by this practical device. The
imaging subsystem is formed by an image-taking lens module and a charge-coupled
device (CCD) imager.

Two kinds of incoherent imaging systems for a reflective object and a
transparent one are shown in Fig. 5-5(a) and Fig 5-5(b), respectively. In the
non-imaging subsystem, by following the paths of the axial rays, as indicated by the
dotted lines in Fig. 5-5, the rays starting .from a uniform white light source pass
through Lens #1 and project onsDMD™, Then; the uniform illumination is projected
on the object field using Lens'#lyand Lens #2. The size of the axial cone of energy
from the object is limited by the active area on the DMD™. The DMD™ consists of
hundreds of thousands of moving micromirrors.that'are made to rotate to either +10°
or -10°  positions depending on the binary state, i.e. on-state or off-state, of the
underlying Complementary Metal Oxide Semi-conductor Synchronized Dynamic
Random Access Memory (CMOS SRAM) cells below each micromirror [58]. The
DMD array size is 800x600, and the pixel micromirrors measure ~17.0um square to
form a matrix having a high fill factor of around 90%. The rays, indicated by the solid
lines in Fig. 5-5 from the DMD™, are imaged onto the aperture stop in imaging
system by Lens #2 and Lens #3 when the configuration of the DMD™ is in the
on-state. When the configuration of the DMD™ is in the off-state, the rays are steered
away in the opposite direction, and the rays from DMD™ are not imaged onto the

aperture stop.
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Figure 5-5 Schematic diagrams of the optical systems with one incoherent imaging subsystem and

one non-imaging subsystem to illustrate the

(b3

relationship between the aperture stop and the field for (a)

a reflective object and (c) a transparent object.

In the imaging subsystem, the paths of the of the axial rays as indicated by the
dashed lines in Fig. 5-5, start from the object and pass through Lens #3 and Lens #4

and are imaged onto the image field on CCD. The size of the axial cone from the

object is limited by the f-number of

paths of the axial rays as indicated by the solid lines, the aperture stop in the imaging
subsystem is designed to be a conjugate with the DMD™ plane in the non-imaging

subsystem by using Lens #2 and Lens #3. We assume the aberration free in this

the image-taking lens module. By following the
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non-imaging subsystem. In most cases of an imaging system, there is a difference in
the depth of focus between the two extreme sides of the object, compared to the
reference plan on the central field of the object plan as shown in Fig. 5-5.

For the entire optical system, the DMD™ performs a spatial light modulation
to rapidly and field-sequentially generate a specific structured lighting with either
uniform or non-uniform illumination distribution on the aperture stop of the imaging
subsystem. This structured flash light can provide a programmable shaped pupil with

a specific binary transmission for the incoherent imaging system in photography.

5.5 Configuration of the projector system with embedded illumination
modulator

The schematic diagram of the projector system 1S illustrated in Fig. 5-6. The system
consists of an illumination modulator and a prejection module. The illumination
modulator is formed by a uniferm whitelight source (typically, for example, a white
high-brightness light emitting diode or high pressure mercury lamp), a prism module
and a digital micromirror device (DMD™; Texas Instrument, Dallas, Tex.) [58].
Obviously, the implementation is not limited by this kind of practical device. The
projection module is a projection lens.

In the illumination modulator, by following the optical path of the illumination
rays as indicated by the dotted lines in Fig. 5-6, the rays starting from a uniform light
source pass through Lens #1 and a prism module. The size of the axial cone of energy
from the light source is limited by the active area on the DMD™. The DMD™
consists of hundreds of thousands of moving micromirrors that are made to rotate to
either +12° or -12° positions depending on the binary state, i.e. on-state or off-state, of
the underlying Complementary Metal Oxide Semi-conductor Synchronized Dynamic

Random Access Memory (CMOS SRAM) cells below each micromirror [58]. The
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DMD™ array size is 1024x768, and the pixel micromirrors measure ~13.7 um square
to form a matrix having a high fill factor of more than 90%. The prism system
comprises two transparent prisms with an air gap between them. Total internal
reflection (TIR) at the interface between the prism and the air gap is utilized to
separate the rays by their angles. Total-internal-reflection (TIR) prism has been
applied into the DMD™-based projection display [14]. The prism system can guide
the rays onto and away from the DMD™ simultaneously. The rays, indicated by the
solid lines in Fig. 5-6 from the DMD™, are imaged onto the aperture stop in
projection system by Lens #2 and Lens #3 when the configuration of the DMD™ is in
the on-state. When the configuration of the DMD™ is in the off-state, the rays are
steered away in the opposite direction, and.the rays from DMD™ are not imaged onto

the aperture stop.

Aperture

DMD TIR prism Light valve stop Screen

A
Lens #1 \@ Lens #2 Lens #3 Lens #4

h’.\ Light Source

‘-7 Ké&hler illumination system 4»‘

I- Projection system —

Figure 5-6 Schematic diagram of the projector system with a Koéhler illumination subsystem and a
projection subsystem to illustrate the relationship between the aperture stop and the digital micromirror
device. The dotted and solid lines indicate the optical path of the illumination rays in a Kohler
illumination system. The dashed lines indicate the optical path of the imaging rays in a projection

system.

In the projection system, the optical path of the imaging rays as indicated by the

dashed lines in Fig. 5-6, start from the light valve and pass through Lens #3 and Lens
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#4 and then are imaged onto the screen. The light valve utilized here is a transmissive
liquid crystal device (LCD) with the angular dependence of the transmittance which
could reduce the amplitude transmittance especially on the peripheral area of the
aperture stop. We assume the angular dependence of the transmissive LCD could be
ignored for simplification because the incident angle of the illumination light onto
LCD panel is about 12°~14.5°,which is equivalent to f~numbers 2.0~2.4 in a typical
projector system, much smaller than the viewing angle of a typical LCD panel [59].
Obviously, the implementation is not limited by this kind of device, for example, we
could also use DMD™ and liquid crystal on silicon (LCoS). The size of the axial cone
from the light valve is limited by the f-number of the projection lens module, the
acceptable cone angle and the physical size of the light valve, and the f-number of the
illuminator modulator according to Etendue.theoremi.which is an optical invariant of a
light beam relative to the beamwdivergence and eross-sectional area for estimating
maximum collection efficiency-in a projection system [22].

By following the optical path of.the illumination rays as indicated by the solid
lines in Fig. 5-6, the aperture stop in the projection system is designed to be a
conjugate with DMD™ plane by using Lens #2 and Lens #3. For simplification in
illustration, we assume that the pupil aberration is corrected and could be ignored for
this Kohler illumination system. For the entire optical system, the DMD™ performs a
spatial light modulation to rapidly and field-sequentially generate a specifically
shaped pupil with either uniform or non-uniform illumination distribution on the

aperture stop of the projection system.

5.6 Configuration of the microscopic system with structured illumination
The schematic diagram of the optical system with programmable structured

illumination in a microscope is illustrated in Fig. 5-7, where two kinds of microscopic
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systems, transparent type and reflective one, are shown with (a) and (b) respectively.
The system consists of a Kohler-illumination subsystem and an imaging subsystem.
The Kohler-illumination subsystem includes a condenser lens module and one set of
illumination modulator with DMD™ which is mentioned in Section 5.5. The
imaging subsystem has an image-taking lens module and a charge-coupled device

(CCD) imager.
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Figure 5-7 Schematic diagrams of the optical systems in microscopy with DMD illumination

modulator for (a) a transparent sample and (b) a reflective sample.

For a transparent object in the Kohler-illumination subsystem, by following the
paths of the marginal rays, as indicated by the dashed lines in Fig. 5-7 (a), the rays
starting from DMD pass through Lens #1 (i.e. a condenser) and the transparent object.
Then, the light of DMD is projected on the aperture stop of the image subsystem
using Lens #1 and Lens #2. The size of the axial cone of energy from the DMD is
limited by the size of aperture stop. In the imaging subsystem, the object is imaged

onto the image field on CCD by the use of Lens #2 (i.e. objective lens) and Lens #3
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(i.e. eyepiece). For a reflective object, by following the paths of the marginal rays, as
indicated by the dashed lines in Fig. 5-7 (b), the rays starting from DMD pass through
Lens #1 (i.e. a condenser), and the illumination light is folded by a beam splitter and
arrives the object plane. Then, the illumination of DMD is reflected from object and
projected on the aperture stop in the image subsystem using Lens #2 by following the
paths of the rays, as indicated by the solid lines. In the imaging subsystem, the
object is imaged onto the image field on CCD by the use of Lens #2 (i.e. objective
lens) and Lens #3 (i.e. eyepiece). We assume there is no aberration in this
Kohler-illumination subsystem to simplify the analysis.

For the entire optical system, the DMD performs a spatial light modulation to
rapidly generate a specific structured illumination with either uniform or non-uniform
illumination distribution on the ‘aperture.stop “of the imaging subsystem. This
structured illumination can provide a programmable shaped pupil with a specific

transmission for the imaging system‘in‘microscope.

5.7 Optical computation for pupil function and optical transfer function
The pupil function of an imaging system with defocused, spherical aberration and

coma for a circular symmetrical aperture is referring to Eq. (2-2) and given by

fxy)=T"(xy)exp {ik[a)z(,(xz +y2)+ a)40(x2 +y2)z +a)3,(x2 +y2)><y]} Xy <l (5-1)
=0 ' +y’ > 1

where wzy is the wave aberration of the defocus coefficient, w4 denotes the

coefficient for spherical aberration, and w;j; denotes the coefficient for coma

aberration. (x,y) are the normalized Cartesian coordinates, and k = 27/4, where A is

the wavelength of the light. Function T '(x,y) in Eq. (5-1) represents the binary

amplitude distribution over the normalized pupil coordinate that is scaled and
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normalized to make the outer periphery the unit circle, x° +y° < I. The binary
amplitude transmittance T ’(x, y) is generated by the DMD™ as shown in Fig. 5-8.

T'(x ¥

T R/T(x,y)

-0.5

0.5

Y

-0.5 0 05 1
X

Figure 5-8 Illustration of the binary amplitude transmittance I’ '(x, y) for the normalized circular

aperture which is generated by the DMD™;" T (x, y) represents a specifically shaped aperture for a

conventional annular apodizer.

We can derive the amplitude transmittance of the shaped aperture T '(x, y) in an

on-state configuration as follows,

T(s3)=E'5)® Y 3 Tkt 25 8- 2 )

(5-3)

0£|m|,|n|£In{D/c'] }

where ® represents the convolution operation, T'(x, y):l—(x2 + yz) denotes the
amplitude transmittance with a continuous profile at the aperture stop which can
extend the focal depth in the imaging system with a conventional annular apodizer [6],
D 1is the corresponding diameter of the effective aperture stop, and ¢ represents the

width of each square individual aperture generated by DMD™ in the pupil plane,
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which is equal to an integer multiple of the value d, with d being the width of each
square pixel in the DMD™. Furthermore, &|x-(2me/D)}5[y - (2ne/D)] denotes the
delta function indicating the location of the individual aperture in the normalized
coordinate on the aperture stop.
E'(x,y)=[H(x+¢/D)- H(x-¢/D)] x [H(y +¢/D)- H(y-¢/D)] is the binary amplitude
transmittance of the individual shaped aperture, which is then scaled and normalized
into the pupil coordinate. Int[(D/c-1)/2] is the interpart of [(D/c-1)/2]. H(x+ ¢/D),
H(x- ¢/D), H(y+c/D) and H(y- ¢/D) are the step functions. It is evident that the total
aperture function is formed by convolving the individual aperture function with an
appropriate array of the delta function, each located at one of the coordinate
origins(x,,, v, )= (2mc/D , 2nc/D), where m, n=...-2,-1,0, 1,2, ...
As to be shown below,the”quality of performance could be identified by a
scale ratio which is defined as
K = (D) (5-4)
The value of the scale ratio K determinates how many resolutions, how many gray
levels and how fast the DMD™ can dynamically generate the shaped apertures within
a specific exposure time. It is worthwhile to give an example for quantity reference.
If the DMD™ array is 1024x768 with a pixel size of 13.7 um square, and the active
area is 14.03 mm x 10.52 mm = 147.60 mm?” [58], then the number of D is ~10.52mm
(i.e. equal to the width of the active area of the DMD) provided that the effective
aperture stop is located on the circular area centered at the actual DMD™, In the case
of K =0.05, the width of each individual square aperture ¢ is 0.53mm and is
equivalent to 38 square pixels with the same amplitude transmittance. There are 10
(i.e. Int [(D/c - 1)/2]+1) gray levels for a specifically shaped aperture including the full
bright mode and full dark mode. The current DMD™- based system can offer § bits

or 256 gray levels within a time period of 5.6 ms per primary color [58]. Thus, the
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DMD™ can rapidly generate one shaped aperture with 10 gray levels within the very
short exposure time of 0.22 ms (i.e. 5.6x10/256) in the case of K =0.05.

The computer program for evaluating Eq. (5-2)-(5-4) is written in
MATHEMATICA software [41]. We assumed D=2 for simplification and evaluated
three different scale ratios, i.e., K=0, K =0.05, and K =0.3. The binary amplitude
transmittances of the shaped apertures T ’(x, y) are shown in Fig. 5-9. The scale ratio
K=0 stands for the amplitude transmittance with a continuous profile. It is evident
that the scale level of the binary amplitude transmission at the aperture stop increases
with the reduction of scale ratio K, and the distribution of the binary amplitude

transmission gets close to the continuous profile if the scale ratio K decreases.

0
(c)

Figure 5-9 Total aperture functions on the aperture stop, which are generated by the DMD™ in the

conditions of (a) clear aperture, (b) K=0, (c) K=0.05 and (d) K=0.3.
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In order to evaluate the relationship between the image performance and the
size of the individual square aperture on the normalized pupil (i.e., fill factor or

aperture ratio), we modified Egs. (5-2) and (5-3) to the following equations.

T'(x,)=E'(x y)® ;ZT(x,y)a‘(x- 21”;")5@-%“) (5-5)

(5-6)

0£|m|,|n|s1n{D/a']}+l

where ® represents the convolution operation. T(x,y)=1- (x2 + yz) is the amplitude
transmittance with a continuous profile at the aperture stop, D is the corresponding
diameter of the effective aperture stop, c¢ represents the width of each square
individual aperture generated by DMD in the pupil plane. The parameter a represents
the distance between each square individual aperture as shown in Fig. 5-8.
S[x-(2ma/D)|s[y - (2na/D)] denotes’the delta function, indicating the location of the
individual aperture in the. mnormalized  coordinate on the aperture stop.
E'(x,y)= [H(x+ ¢/D)- H (x - c/D)] X [H(y + c/D)— H(y -¢/D)] is  the  amplitude
transmittance of the individual shaped aperture, which is then scaled and normalized
into the pupil coordinate. Int[(D/a - 1)/2] 78 the interpart of [(D/a-1)/2] and H(x+
¢/D), H(x-¢/D), H(y+c/D) and H(y- ¢/D) are the step functions. It is evident that the
total aperture function is formed by convolving the individual aperture function with
an appropriate array of the delta function, each located at one of the coordinate
origins(x,,, y, )= (2ma/D , 2na/D), where m, n = ...-2, -1, 0, 1, 2, ... We also take D=2
and a/D=0.3 in Eq. (5-5) and (5-6). The fill factor represents the ratio of ¢ and a. Six
cases of the amplitude transmittances 7T'(x,y) with the fill factors ranged from 100%
to 50% were computed as shown in Fig. 5-10. There are 9 apertures (3x 3 array)
within the pupil. The results show that the individual aperture size on the normalized
pupil is shrunk when the fill factor decreased. That is equivalent to the term E’(x,y)

varied with ¢ in Eq. (5-5).
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Figure 5-10 Amplitude transmittance 7' '(x, y) with T(x, y) =1 on the normalized pupil in the
condition of D=2 and the fill factors (a) 100%, (b) 90%, (c) 80%, (d) 70%, (¢) 60% and (f) 50%.
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The OTF is derived from the autocorrelation of the pupil function by using the

Hopkins canonical coordinate [37, 48-49] and is given by

I flx+s2,y) " (x=s5/2, y)dxdy

(5-7)
0,0
g( ) j fe,») f(x,y)dxdy

where 1 (x, y)is the pupil function shown in Eq. (5-1) , f (x, ) is the complex
conjugate of f'(x, ), and s is defined as the spatial frequency s=2 FA N . Here F is
the f~number of the projection lens system, 2 is the wavelength, and N is the number
of cycles per unit length in the image plane. The value of F is equal to the effective
focal length divided by D, where D is the diameter of the effective aperture stop and
the effective focal length is determined by the optical magnification of the projection
lens. The denominator of Eq. (5-7)-is"the normalizing factor for making 7 (0) = 1.

The g (s, 0) and g(0, 0) in the OTF for the pupil function f (x, y) can then be given by
[1 (5/2) [(1 y’ ‘”—s/z] s , s
(S O) J-[](y/z)2 J.[]yz b s/2]T x+5’y i X—E,y
2 (5-8)
X exp {l?ksx {wzo + w40(2x2 +2y° + S?j + a)ﬂy}} dxdy

and

AM)JI IMT@yHMW (5-9)

Egs. (5-8) and (5-9) can be further modified as
I-y l/275/2] S S
0 + — T x——
g(s,0)= Z {I[,yz vy a] (x 2,yj (x Z,y)
§2 (5-10)
x exp < i2ksx [a)zo + 6040[2)62 +2y% + 7j + a)ﬂy} dx Ay

S 2 PR 1%;
where yzm]—xq' , Ayzm]— , and
p p
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/2

L (-52)
g(0,0):Z j( )/Z[T'(x,y)]zdx - Ay (5-11)

where y=(I/p)xq , ay=(I/p) -
By replacing the integral in Eqgs. (5-8) and (5-9) with the y-axis for the

summation in Egs. (5-10) and (5-11), an initial setting of p=100 is made for the

number of intervals used to find the value of A4y= [] - (5/2)2 ]1/2 /p" and Ay=1/p

1/2
for g(s, 0) and g (0, 0), respectively. Different numbers of y, from - [1 -(s/ 2)2 ] to

[1 '(S / 2)2 ]1/2 , are then used to calculate the OTF.

The OTFs of the different pupil functions are numerically computed using
MATHEMATICA software [41] based. on.Egs. (5-1)-(5-4), (5-10) and (5-11). We
calculated the OTFs and analyzed the image performances of five different cases for
the differently shaped apertures msan-aberration-free System and incoherent imaging

systems with defocused aberration, spherical aberration, the coma aberration.

Case 1: Defocus

We calculated the OTFs of the clear aperture, one conventional annual apodizer and
two specifically shaped pupils with the scale ratios K= 0.05 and 0.3, respectively, for
defocused systems with the defocus coefficients wy= 0, AM/nt, 3A/m, SA/mt, 10A/t and
20A/mt, as shown in Fig. 5-11, where we assumed that spherical and coma aberration

are free, i.e.,w4 = w;; =0.
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Figure 5-11 Optical transfer functions in an.aberration-free'imaging system and a defocused imaging
system without spherical aberration @y=0-and coma aberration w;=0, but with different defocus
coefficients  @z= 0, @= M7, @2=307T,  @a= SNT, @2=10A1 and @,=20A/n for amplitude

transmittances of the aperture functions for (a).clearjaperture, (b).K= 0, (c) K= 0.05, and (d) K= 0.3.

For the large values of wy from SA/m to 20A/m, the spatial frequency
corresponding to the first zero becomes smaller. Since generally the spatial frequency
of the first zero represents the resolution limit of a defocused imaging system, we can
take the first zero as defining the degree of focus for each case. The larger degree of
focus in the larger value of @w;) commonly represents the longer depth of focus in a
defocused system. The OTF of a clear aperture 7(x, y) = 1 (i.e. a uniform-shaped
aperture), is shown in Fig. 5-11 (a), and was investigated in the literature [6]. The
OTF of one annual apodizer T(x, y) =1- (x’+)°), at (x’+)* =< I) and 0 at (x’+)” > ])
with K= 0, is shown in Fig. 5-11 (b), and was previously investigated and proven by
the use of the theoretical and experimental approaches in literature [6]. Two former

cases are computed again here for comparison. For the large values of @y especially
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greater than 5A/z, the degree of focus for the shaped pupil with a scale ratio K of less
than 0.3, as shown in Fig. 5-11 (c) and (d), is significantly larger than that for the
clear aperture 7(x, y) = 1. It is evident that the specifically shaped pupil, which is
generated by DMD™ with a scale ratio K=0.3 or less, can significantly extend the
depth of focus compared to a clear aperture in the conventional imaging system. We
also compared the OTF of the different scale ratios K to the OTF of the conventional
annual apodizer T(x, y) =1- (x’+y°). The OTF value of the former increased and
came close to the OTF value of the latter when the scale ratio K decreased gradually.
In Fig. 5-11 (b) and (c), it shows that the OTFs of the specifically shaped pupil with a
scale ratio K=0.05 or less can coincide with the OTF of the conventional annular
apodizer with continuously-shaped aperture. For the case of K=0.3, i.e., the scale ratio
K now increases, as shown in Fig.5-11 (d); thecOTF value decreases in the low spatial
frequency region especially for the defocus coefficients @,y less than A/n. But, the
OTF value increases in the high spatial frequency region especially for w,y greater
than 100/ when K= 0.3. It indicates_that the.degree of focus can increase for the
specifically shaped pupil in the defocused imaging system when K increases. This is
as a result of weighting the light intensity from the airy disk to the rings of the
diffraction pattern when designing the specifically shaped pupil in the imaging system

for extending the depth of focus [1].

Case 2: Spherical aberration

Here we turn to focus on the clarification of the influence of spherical aberration.
The spherical aberration is the essential aberration along optical axis, i.e., on-axis
aberration. We calculated the OTFs of the clear aperture, one conventional annual
apodizer and two specifically shaped pupils with the scale ratios K= 0.05 and 0.3,

respectively, for the imaging systems with the coefficients for spherical aberration
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w45= 0, Mmt, 3N/nt, SA/m, 10A/m and 20A/mt, as shown in Fig. 5-12, if we assumed that
defocused and coma aberration are free, i.e. w= @3; =0. The OTF of a clear aperture
T(x, y) =1 (i.e. a uniform-shaped aperture), is shown in Fig. 5-12 (a). The OTF of one
annual apodizer T(x, y) =1- (x’+)7), at (x’+y° = 1) and 0 at (x’+y” > 1) with K=0, is
shown in Fig. 5-12 (b). The OTFs for the shaped pupil with a scale ratio K of less than
0.3, as shown in Fig. 5-12 (c) and (d), are significantly larger than that for the clear
aperture 7(x, y) = 1 in Fig. 5-12 (a) at all spatial frequency.
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Figure 5-12 Optical transfer functions in an aberration-free imaging system and an imaging system
without defocus aberration @w,= 0 and coma aberration @;~= 0, but with different spherical aberration
coefficients @y= 0, wy= M1, @=3MT, @4=5MT, w4=10M/1 and @4= 200/ for amplitude

transmittances of the aperture functions for (a) clear aperture, (b) K= 0, (¢) K= 0.05, and (d) K= 0.3.

It is evident that the specifically shaped pupil, which is generated by DMD™ with
a scale ratio K=0.3 or less, can significantly extend the depth of focus compared to a

clear aperture in the conventional imaging system with spherical aberration. The OTF
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of K=0.3 is slightly lower than but similar to that of K=0.05 in Fig 5-12 (c) and (d). It
indicates that the degree of focus could be similar for the specifically shaped pupil in
the imaging system with spherical aberration when K varies from 0.05 to 0.3. We also
compared the OTF of the different scale ratios K to the OTF of the conventional
annual apodizer T(x, y) =I- (x’+y°). The OTF value of the former increased and
came close to the OTF value of the latter when the scale ratio K decreased gradually.
In Fig. 5-12 (b) and (c), it shows that the OTFs of the specifically shaped pupil with a
scale ratio K=0.05 or less can coincide with the OTF of the conventional annular

apodizer with continuously-shaped aperture.

Case 3: Coma aberration

In this subsection, we considen.the influence<of coma and its compensation. The
coma is treated as the essential off-axis aberration:|We calculated the OTFs of the
clear aperture, one conventional annual apodizer and-two specifically shaped pupils
with the scale ratios K= 0.05 and. 0.3, respectively; for the imaging systems with the
coefficients for coma aberration wz=0, A/w, 3A/n, SA/nt, 10A/m and 20A/%, as shown
in Fig. 5-13, where we assumed that defocused and spherical aberration are free, i.e.
@20= @4 =0. The OTF of a clear aperture 7(x, y) = 1, is shown in Fig. 5-13 (a). The
OTF of one annual apodizer T(x, y) =1- (x’+y7), at x>+’ =< 1) and 0 at (x*’+” > I)
with K= 0, is shown in Fig. 5-13 (b). The OTFs for the shaped pupil with a scale ratio
K of less than 0.3, as shown in Fig. 5-13 (c) and (d), are significantly larger than that

for the clear aperture 7(x, y) = 1 in Fig. 5-13 (a) at all spatial frequency.
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Figure 5-13 Optical transfer functions in an-aberration-free imaging system and a projection system
without defocus aberration w,~= 0 and spherical aberration @)= 0. ,but with different coma aberration
coefficients wj;=0, w;= M7, @;=3Nn, @i 5NTvw;=101/1 and @;=20\/n for amplitude

transmittances of the aperture functions.fory(a) clear aperture,(b) K= 0, (c) K= 0.05, and (d) K= 0.3.

It is evident that the specifically shaped pupil, which is generated by DMD™
with a scale ratio K=0.3 or less, can significantly extend the depth of focus compared
to a clear aperture in the conventional imaging system with coma aberration. The OTF
of K=0.3 is slightly lower than but similar to that of K=0.05 in Fig. 5-13 (¢) and (d). It
indicates that the degree of focus could be similar for the specifically shaped pupil in
the imaging system with coma aberration when K varies from 0.05 to 0.3. We also
compared the OTF of the different scale ratios K to the OTF of the conventional
annual apodizer T(x, y) =I- (x’+y°). The OTF value of the former increased and
came close to the OTF value of the latter when the scale ratio K decreased gradually.

In Fig. 5-13 (b) and (c), it shows that the OTFs of the specifically shaped pupil with a
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scale ratio K=0.05 or less can coincide with the OTF of the conventional annular

apodizer with continuously-shaped aperture.

Case 4: Combined aberration (defocus, Spherical aberration, and Coma)

Now, we can consider the whole influence with all aberrations discussed above. We
calculated the OTFs of the clear aperture, one conventional annual apodizer and two
specifically shaped pupils with the scale ratios K= 0.05 and 0.3, respectively, for the
imaging systems with a specific defocus coefficient @,y and the specific coefficients
for spherical aberration w4 and coma aberration w;z,. For variable spherical aberration,
the best focal plane in the condition of @)= -4y is supposed [2]. The OTFs for -w2y
= wy9= @3;=0, S5A/m, 10A/m, and 20\/m.are.shown in Fig. 5-14, respectively. For the
large value of the coefficient especially for 20A/m, the degree of focus for the shaped
pupil with a scale ratio K of'less than 0.3,-as shown in Fig. 5-14 (c) and (d), is
significantly larger than that for the clear aperture 7¢x, y) = 1 in Fig 5-14 (a). It is
evident that the specifically shaped pupil, whichis generated by DMD™ with a scale
ratio K=0.3 or less, can significantly extend the depth of focus compared to a clear
aperture in the conventional imaging system. We also compared the OTF of the
different scale ratios K to the OTF of the conventional annual apodizer T(x, y) =1-
(x’+y%). The OTF value of the former increased and came close to the OTF value of
the latter when the scale ratio K decreased gradually. In Fig. 5-14 (b) and (c), it shows
that the OTFs of the specifically shaped pupil with a scale ratio K=0.05 or less can
coincide with the OTF of the conventional annular apodizer with continuously-shaped

aperture.
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Figure 5-14 Optical transfer functions in an-aberration-frée' imaging system and a projection system
with different defocus coefficients (@, , different spherical aberration coefficients w,; , and different
coma aberration coefficients @;;,"When -@y=rop="0w3 = 0,A/7t, 3\/x, 5A/t, 10A/n and 20\/n for
amplitude transmittances of the aperture functions for (a) clearaperture, (b) K= 0, (¢c) K= 0.05, and (d)
K=0.23.

Finally, we investigated an example of a real implement for a light value with a
typical pixel size equal to 13um square in a projection system with f/# =2.0 and the
dominant wavelength A= 550nm. N = 1/2(13x10®) which is the number of cycles per
unit length in image plane. In this case, s = 2FAN = 0.085 which is defined as the
spatial frequency. Referring to Fig. 5-11, Fig. 5-12, Fig. 5-13 and Fig. 5-14, we
calculated and summarized the OTF’s values of the clear aperture and two specifically
shaped pupils with the scale ratios K= 0.05 and K= 0.3, respectively, in the cases of
W29, @10, @3;=0, 5A/m, 10A/n, and 200/t in the condition of a specifically spatial

frequency s =0.085 in Table 5-1. It indicates that the OTFs of a specifically shaped
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aperture with K=0.05 and K= 0.3 are greater than the OTFs of a clear aperture
especially when the aberration coefficients >5A/n. Hence, we can conclude that the
projection quality will be enhanced as the specifically shaped aperture is used,
especially for the imaging system with large aberration coefficients including defocus,
spherical and come aberrations. In other words, as for a real implementation of an
illumination modulator with DMD, the specifically shaped pupil can improve the

image quality compared to a clear aperture in the conventional imaging system.

Table 5-1 OTEF’s values of the clear aperture and two specifically shaped pupils with the scale ratios
K= 0.05 and K= 0.3, respectively, in the cases of @z, w9, ®;;=0, SA/n, 10A/n, and 20\/7 in the

condition of a specifically spatial frequency s =0.085.

Aberration
0 SN/ 10A/% 20\ /%
coefficient
Pupil shape
cA*' 005 03 |CA® 005 03 CA"' 005 03 |[CA" 005 0.3
(K factor)

defocus (wz) | 095 098 0.86-/0.64 0.81 0.71(013 041 0.38 | 0.00 0.07 0.22
Spherical (ws) | 095 0.98 0.90 | 0.55° 7 0.87 " '0.77 | 0.28 0.68 0.54 | 0.17 0.47 0.41

Coma (w3s1) 095 098 086 | 090 097 0.84 | 075 092 0.80 | 0.36 0.74 0.65

Combination*’ | 0.95 0.98 0.90 | 0.83 0.94 087 | 0.60 0.78 0.75 | 0.33 0.37 0.37

Note:
1. CAis “Clear Aperture”.
2. Combination consists of defocused aberration (wz= -w4), spherical aberration (w4) and coma

aberration (ws3y).

Case 5: the influence of fill factor
In order to evaluate the relationship between the image performance and the
size of the individual square aperture on the normalized pupil, we computed the OTFs

of the other types of pupil functions based on Egs. (5-1), (5-5), (5-10) and (5-11) in a
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defocused system with the defocused coefficient @wy~= 10A/n and the amplitude
transmittances of the aperture functions for a/D=0.3 with different fill factors ranged
from 100% to 60% in Fig. 5-15 (a) and in Fig. 5-15 (b), the range is from 60%, to
10%. The degree of focus (i.e. the resolution limit) reduces, but the OTF (i.e. image
quality) increases at the specific spatial frequency when the fill factor decreased from
100% to 60%. However, both of the degree of focus and the OTF reduces when the
fill factor decreases from 60% to 10%, which is mainly because the pin-hole effect

reduces the diffractive limit significantly.

1 (s)
T(s)

(b)

Figure 5-15 Optical transfer functions in a defocused system with amplitude transmittances of the

aperture functions for a/D=0.3 and the defocused coefficient w,~= 10A/nt for different fill factors (a)

100%, 90%, 80%, 70%, 60% and (b) 60%, 50%, 40%, 30%, 20%, 10%.

5.8 Image performance evaluation

To highlight the capability of our approach, we took a resolution pattern to explore
the image performance in an incoherent imaging system. This pattern is 1951 USAF
resolution test chart [44] conforms to MIL-STD-150A standard with resolution 600

(dpi) x 600 (dp1).
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Case 1: Defocus

Referring to Fig. 5-16, in column (a), one could see the images for the clear
aperture, while in column (b) and (c), the images for the specifically shaped apertures
with scale ratios K=0.05 and K=0.3 are shown, respectively. The images were
generated by the multiplication of OTF in the Fourier domain using the convolution
technique.  Furthermore, the images with defocus coefficients of
W2= SMT, wy= 10A/Tt, W= 15A/, and @y= 20A/mt, are shown with lines (1)-(4)
respectively. Comparing with the images for the specifically shaped apertures, the
images of typical aperture show a clearer loss in contrast at high spatial frequencies
with larger wy. Especially for @z >10A/mt, there is a significant enhancement of the
image resolution at high spatial frequency by.the use of a specifically shaped aperture

with £=0.3.
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Figure 5-16 The computer-simulated images of resolution patterns for (a), a clear aperture, and (b), a

specifically shaped aperture with the scale ratio K=0.05, and (c), a specifically shaped aperture with the

scale ratio K=0.3, obtained with different defocus coefficients: (1)@= 5A/n, (2) wy= 100/, (3)

w2= 150/ and (4) @z= 20A/x.
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Case 2: Spherical aberration

Referring to Fig. 5-17, in column (a), one could see the images for the clear
aperture, while in column (b) and (c), the images for the specifically shaped apertures
with scale ratios K=0.05 and K=0.3 are shown, respectively. Furthermore, the
images with spherical-aberration coefficients of
Wq9=5SMT, w49=10A/TT, @49= 15N/, and w4 9= 20A/mt, are shown with lines (1)-(4),
respectively. Spherical aberration could make the image of a bright point source
surrounded by a halo of light. The effect of spherical aberration on an extended image
is to soften the contrast of the image and to blur its details with symmetrical
distribution. Comparing with the images for the specifically shaped apertures, the
images of the clear aperture show a cleater,loss in contrast and a seriously blurred
flare at all spatial frequency with larger-@q even tough the three-bar charts for all
spatial frequencies is resolved:for:the clear aperture: Especially for wy>10A/n, there
is a significant enhancement.of the 1maging contrast by the use of a specifically

shaped aperture with K=0.3 and 0.05:
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Figure 5-17 The computer-simulated images of resolution patterns for (a), a clear aperture, and (b), a
specifically shaped aperture with the scale ratio K=0.05, and (c), a specifically shaped aperture with the
scale ratio K=0.3, obtained with different spherical aberration coefficients: (1)wy=5M/m, (2)

w4= 10A/t, (3) w4= 15N/ and (4) 4= 200/
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Case 3: Coma aberration

In order to obviously show the effect of coma aberration by the use of a
suitable test chart, we utilized a concentric-circles pattern with resolution 96 (dpi) x
96 (dpi) [60]. Referring to Fig. 5-18, in column (a), one could see the images for the
clear aperture, while in column (b) and (c), the images for the specifically shaped
apertures with scale ratios K=0.05 and K=0.3 are shown, respectively. Furthermore,
the images with coma-aberration coefficients of
@3 =5MT, w3 = 10A/T, @3;=15A/%, and @3, =20A/%, are shown with lines (1)-(4)
respectively. Coma aberration could make the image of a point source spread out into
a comet-shaped flare with the non-symmetrical distribution. Comparing with the
images for the specifically shaped apertures,. the images of the clear aperture show a
seriously blurred flare at all spatial frequeney ‘with larger w3, along the vertical
direction. Especially for w;;z 10A/r, there<is a-significant enhancement of the

imaging resolution by the use of a specifically shaped aperture with K=0.3 and 0.05.
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Figure 5-18 The computer-simulated images of resolution patterns for (a), a clear aperture, and (b), a
specifically shaped aperture with the scale ratio K=0.05, and (c), a specifically shaped aperture with the
scale ratio K=0.3, obtained with different coma aberration coefficients: (1) w;=5A/n, (2)

3= 1007, (3) @3= 150/m and (4) @;= 200/n.
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Case 4: Combined aberration (defocus, Spherical aberration, and Coma)
Referring to Fig. 5-19, in column (a), one could see the images for the clear
aperture, while in column (b) and (c), the images for the specifically shaped apertures
with scale ratios K=0.05 and K=0.3 are shown, respectively. Furthermore, the images
with the aberration coefficients of -wx = ws9= w;3;;=5Mm, 10A/n, and 20A/%
including defocus, spherical and come aberrations are shown with lines (1)-(3),
respectively. Comparing with the images for the specifically shaped apertures, the
images of typical aperture show a significant loss in contrast at all spatial frequency.
Especially for the aberration coefficients >5A/m, there is a significant enhancement of
the image resolution at all spatial frequency by the use of a specifically shaped

aperture with K=0.05 and K=0.3.
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Figure 5-19 The computer-simulated images of resolution patterns for (a), a clear aperture, and (b), a

specifically shaped aperture with the scale ratio K=0.05, and (c), a specifically shaped aperture with the
scale ratio K=0.3, obtained with different defocus coefficients @, , different spherical aberration
coefficients @y, , and different coma aberration coefficients @j;, when -@wz= @w4= @3, = (1) SA/x, (2)

100/n, and (3) 200/
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Case 5: the influence of fill factor

We take a resolution pattern to simulate the imaging performance for this
specific shaped aperture with the scale ratio a/D =0.3 and different fill factors ranged
from 100% to 50% in a defocus system with the defocused coefficient w,= 10A/7 as
shown in Fig. 5-20. Comparing with the images in the red frames shown in the figures,
the image of the specific shaped aperture with the fill factor 60% shows a higher
resolution at the middle spatial frequencies. Hence, it is evident that the image quality
at specific spatial frequency will be improved once the specific shaped aperture is

implemented.
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Figure 5-20

with the scale ratio a/D =0.3 and different fill factors

The computer-simulated images of resolution patterns for a specific shaped aperture

(a) 100%, (b) 90%, (c) 80%, (d) 70%, (e) 60%

and (f) 50%, in a defocus system with the defocused coefficient w,= 10A/x.
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5.9 Summary and remarks

We have provided a new approach for improving the image quality for the incoherent
imaging systems, including photography, projector and microscopy, with a specific
illuminator modulator. The semi-analytical results using the optical transfer function
(OTF) indicated that the depth of focus can be extended with specifically shaped
illumination, which is generated by a digital micromirror device and LED array, on
the aperture stop in the imaging system with a specific defocus coefficient, and the
specific coefficients for spherical aberration and coma aberration.

In summary, (1) The limiting resolution of a defocused imaging system with a
specific defocus coefficient can be improved by its corresponding binary shaped pupil.
It has been shown that a shaped pupil with a scale ratio K equal to 0.05 is more
helpful for extending the depth of focus atdew.spatial frequency, while a shaped pupil
with a scale ratio K equal to20.3wis more useful for extending the depth of focus at
high spatial frequency. (2) In-an imaging system with the coefficient for spherical
aberration or coma aberration, respectively, the. OTF for the shaped pupil with a scale
ratio K of less than 0.3 is significantly larger than that for the clear aperture at all
spatial frequencies. Especially for w4 >10A/n and @3, >10A/n, there is a significant
enhancement of the imaging contrast by the use of a specifically shaped aperture with
K=0.3 and 0.05 according to the computer-simulated image. (3) the OTFs of a
specifically shaped aperture with K=0.05 and K= 0.3 are greater than the OTFs of a
clear aperture especially when the aberration coefficients >5A/x. It is evident that the
image quality will be enhanced as the specifically shaped aperture is used, especially
for the imaging system with large aberration coefficients including defocus, spherical
and come aberrations. (4) The image quality could not be significantly influenced as
the fill factor (i.e. aperture ratio) of the spatially shaped pupil varied from 100% to

80%.
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In the point of view of optical design, the pupil plane at the aperture stop in
the imaging subsystem should be designed to be a conjugate at the other pupil plane
on the digital micromirror device for the non-imaging subsystem. The pupil matching
between the imaging unit and the non-imaging one could significantly affect its
practical implementation and hence the matching sets one limitation on performance.
Overall, the pupil matching will be determined by the precise alignment between the
digital micromirror device and the lens elements in the whole optical system.

Overall, the proposed approach of shaped pupil from an illumination
modulator is a dynamically programmable method to achieve aberration
compensation for imaging applications, such as photography, projector and
microscopy. This method provides a connection between non-imaging and imaging
systems for enhancing the image quality ;Regarding the pupil aberration is considered
in the illumination system, this influence may-be ineorporated with the corresponding
spherical aberration and even' off-axis Coma with/ different levels of coefficients.
Hence, practically, the pupil aberration could be included partially and further
explored once the spherical aberration and coma are included. It is worth noting that
this proposed model can rapidly and field-sequentially generate a specifically shaped
pupil with 10 gray levels within the very short image processing time of 0.22 ms in
the case of K =0.05. Different spatial frequencies represent different imaging
information from an object in photography or a sample in microscopy or a light valve
in a projector. High spatial frequencies represent sharp spatial changes in the image,
such as edges, and generally correspond to local information and fine detail, while the
portion of low spatial frequencies represent global information about the shape, such
as general proportion and orientation. On the other hand, this programmable
structured light can be substituted for the conventional flash light and illumination

light in the conventional incoherent imaging system, in order to extend the depth of
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focus (EDOF), and for dynamically providing improved imaging quality for many
varied scenes combined with the technology of high dynamic range (HDR) imaging.
For instance, by the use of this dynamically programmable structured light with
EDOF and HDR technologies, we can capture an sense-of-depth-enhanced image by
combining a sub-image with global information (i.e., low spatial frequencies) within
first half period of exposure time and another sub-image with local information (i.e.,
high spatial frequencies) within the other half period of exposure time, which have

different shaped pupils with specific scale ratios K.
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Chapter 6

Hlluminance formation and color-difference of
mixed-color LEDs in a rectangular light pipe: an

analytical approach

6.1 Introduction

In this section we developed an analytical method of illuminance formation and
color-difference for mixing colored LEDs in a rectangular light pipe using the
methods of non-imaging optics,[26], photometry.[27], and colorimetry [28]. The
different illuminance formations and-color-difterences studied in this chapter are the
types in which ANSI light uniformity [38]‘and ANSI ‘color uniformity [38] vary with
the different geometric structures-of light pipes. For'the purpose of comparison, this
chapter also includes the formation of"illuminance distribution for a single LED
source using the same analytical method.

In order to obtain a convenient form of the illuminance formation, we employed
the hollow straight light pipe with a perfect reflectivity of 100% for the calculations in
this chapter. In reality, the finite absorption loss is inevitable. With more times of
reflection, the flux of the ray will decrease, which can affect the illuminance
distribution. This influence has been explored by Cheng and Chern [19]. For a
common coating with a reflectivity of 90%, the difference of the uniformity deviation
from that of 100% reflectivity is less than 1% at the length scale L/A equal and greater
than unity, where L is the length of the light pipe and A is a constant which is a

geometric parameter for the scale unit of the light pipe’s input face. To have a best
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approximation for the analytical evaluation, we make another assumption that the
LED is a point light source with Lambertian characteristics. In most applications this
means that the dimension of LED source should be much less than the cross-sectional
dimension of the light pipe. The considerations of a hollow straight light pipe with a
perfect reflectivity and a point light source may limit this study, but it will provide an
analytical base for the connection between non-imaging and coloring in order to
obtain a “uniform” source for illumination applications.

The remainder of this section is organized as follows. In Section 2 we revisit
on the chromatic issue and LED RGB color mixing. In Section 3, we describe the
light pipe illumination system. In Section 4, we derive illumination formation and
function of color difference. In Section 5,we_analyze the non-imaging performance
for a rectangular light pipe system withymixed-color LEDs. Finally we draw our

summary in Section 6.

6.2 Chromatic issue and LED RGB color mixing

Today’s light emitting diode (LED) technology is widely applied in vehicles,
architecture, signal lighting, backlighting and in projection microdisplays [20]. Most
of these applications require the shaping of a uniform beam illuminance profile,
managing color quality and saving power consumption while maintaining high
luminous efficiency in the illumination systems. There are two kinds of approaches to
generate white light with LEDs. One is the phosphor-converted white LED which
provides a compact integrated package but has a relatively lower luminous efficiency.
The other is the mixed-color LED which provides more light throughput compared to
a single phosphor-converted white LED with the same operating power. In practice,
however, there are several technical challenges to creating a mixed-color LED, such

as white light homogenizing with the acceptably lowest spatial variation, color mixing
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and color balancing with acceptably lowest chromatic variation.

Rectangular light pipes are commonly optical devices that manage light
properties in illumination systems, especially where extremely uniform illuminations
with specific illuminance distributions are required [13]. Typical applications are the
illuminations in the projection display [22], lithography [15], endoscopes [16] and in
optical waveguides [17]. A rectangular light pipe is made with parallel reflective
sides with a square or rectangular cross section. The light source can be located on
one end of the light pipe and the other end is then the uniformly illuminated plane
[18]. The shape of the light pipe can modify the original characteristics of the spatial
distribution of the light source but not the angular distribution. The uniform
illumination on the exit end of the light pipe.is determined by the ratio of the length to
the cross-sectional dimension ofithe light.pipe 19].

In the literature, the mention of the  properties of light pipes is mostly
concentrated on transmittance, fluxianalysis and irradiance formation for the single
light source. Although Derlofske.and. Hough developed a flux confinement diagram
model to discuss the flux propagation of square light pipes and angular distribution
[21], and Cheng and Chern developed a semi-analytical method to investigate the
formation of irradiance distribution, [19] to the best of our knowledge few articles
have investigated the formation of illuminance and the color-differences in
mixed-color light sources. An earlier investigation of the use of mixed-color LEDs in
a light pipe was done by Zhao et al., and it comprised two parts: a computer
simulation using a commercial ray tracing software package with Monte Carlo
algorithm; and an experimental study verifying the results obtained from the

simulation [30].
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6.3 Configuration of the light pipe illumination system

A schematic sketch of an optical system using a rectangular light pipe is shown in Fig.
6-1. The optical system consists of an LED light source with Lambertian angular
distribution and a rectangular light pipe, where a and b are the width and the height of
the cross section of the light pipe, respectively, L is the length of the light pipe, ¢ is
the size of the square light source and n is the optical index of the light pipe’s material.
The LED light source is located at the entrance of the light pipe, and the light source
has an angular distribution extending from +90° to -90°. The exit is uniformly

illuminated by the multiple reflections throughout the light pipe.

Single colored LEy
a l

Light-pipe

s

Figure 6-1 Schematic diagram and dimension of the light pipe and the single LED light source.

The light pipe is made with parallel reflective sides with a rectangular cross
section. The virtual image of the light at the entrance of the light pipe has the
checkerboard-array-shaped light distribution which results from the multiple
reflections of the light source through the pipe as shown in Fig. 6-2. The spaces
between each adjacent light spot are: @ on the vertical axis and b on the horizontal
axis, which are equal to the width and height of the cross section of the light pipe,
respectively. And, the size of each light spot is equal to that of the light source. The
radiant intensity of each light spot is denoted as J’;; as shown in Fig. 6-2 (b). The

subscripts m and n stand for the reflective times on the horizontal axis and vertical
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axis, respectively, and the plus and minus values of i and j denote the opposite
directions of the light source. For example, J’;, means that the luminous flux of the
light spot is reflected one time on the horizontal axis and two times on the vertical

axis and its location is shown in Fig. 6-2 (b).

Reflected images of LED

Reflected
images of = oo
the LED :&
@ S~ m T .
LED

Exit end of light pipe - Light pipe Exit end of light pipe

Images at the entrance of the light-pipe

(a) (b)

Figure 6-2 (a) Principal of the operation of a light pipe:-(b)/Virtual image at the entrance of the light
pipe. The light pipe is made with parallel reflective sides'with a rectangular cross section. The multiple
reflections of the light source through the pipe can produce a spatial checkerboard-array-shaped light

distribution.

The schematic sketch of one specific light pipe optical system with mixed-color
LEDs is illustrated in Fig. 6-3 (a). The optical system consists of four colored LED
light sources, including one red-colored LED, two green-colored LEDs and one
blue-colored LED, and a rectangular light pipe, where a and b are the width and the
height of the cross section of the light pipe, respectively, where L is the length of the
light pipe, c is the side of the square light source, and n is the optical index of the light
pipe material. The light sources are located at the entrance of the light pipe as shown

in Fig. 6-3 (b), where the red LED is located at the coordinate (-P, Q), the first green
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LED is located at (P, Q), the second green LED is located at (-P, -Q) and the blue LED
is located at (+P, -Q), respectively, assuming that the coordinate of the center for the

entrance of the light pipe is (0, 0).

Light-pipe

Mixing colored LEDs
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(b)

Figure 6-3 (a) Schematic diagram and dimension of the light pipe. (b) Locations of red, green and

blue LED light sources, i.e. mixed-color LEDs, on the entrance of light pipe.

6.4 Optical computation for illumination formation and function of color
difference
The illuminance distribution on the end plane of the light pipe is referring to Eq. (2-9)

ands given by

39 L2
H(x,y)=J(9)&=J0X(L2 2 2)2
+x°+y

LZ
Then, we determine the individual contribution of illuminance by the virtual light

(6-1)

spots on the entrance plane of the light pipe. The illuminance Hyis radiated without
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any reflection through the light pipe about x from —a/2 to +a/2 and about y from —b/2

and +b/2  as shown in Fig. 6-4.

___ +5a/2

H’yp
_ +3a/2

Hp
+al/2

- B :
___-al2
|~ L -

Figure 6-4 Illustration of a Lambertian light source radiating into the exit plane of the light pipe for

Light pipe

the different virtual light spot on the entrance plane of the light pipe

and as given by

LZ
Hyy(x,y)=J, X(— 3

: <x <
L2+x2+y2)2

a b b
2 Z<y<= 6-2
33575 (6-2)

NSRS

Where the values a and b are the'width and the height of the cross section of the light
pipe, respectively. Also, we can derive the illuminances H’;p and H’», that are
radiated with one time reflection and a two times reflection , respectively, through

the light pipe along the +x axis direction, as shown in Fig. 5 . They are given by

2
Hio(ey) = J, x—LL , D LD S N,
(L2+x2+y2)2 2 22 2
2 72
Hoofey)=Jyx—P L Ja e by b (6
[L2+x2+y2]2 2 22 2

where p is the reflectivity, and the exponent of p is the reflective time. Then, we can
derive the practical illuminance distribution, which is radiated from the individual

virtual light spot on the entrance plane of the light pipe, on the exit plane of the light
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pipe about x from —a/2 to +a/2 and about y from —b/2 and +b/2 using the mirror

mapping method according to Eq. (6) and Eq. (7) as given by

I’ a a b b
L' +(-x+a) +y
2 42
Hopofo63) = Jy gL R A TN ()
[L2+(x+2a)2+y2]2 2 2 2 2

Then, we can extend the expression of the illuminance for each virtual light
spot on the exit plane of the light pipe with one time reflection and a two times
reflection through the light pipe along the *x axes and the ty axes directions about x

from —a/2 to +a/2 and about y from —b/2 and +b/2, respectively as follows,

ppl? a a b b
H V) =J , ——<x<—,-—<y<— (6-7
+111(%,)) OX[L2+(-xia)2+(-yib)2]2 P X 575 Y 2( )
[£2] _|£2] I2 b b
Hipir(x,y)=Jy % 2 £ ,02 £ P U '%SXS%"ESJ/SE (6-8)
I + (¢ 2a ) 5% 2b)

Finally we can summarize the expression of thetotal illuminance for each virtual light

spot on the entrance plane of the light pipe as follows,

. ol 2
H,y ()= ;
’ ,;o,;o{ﬁ +=x+Qi+1)al +[-y+(2j+1p] }2
. g
+
,;o i:z—oo {L2 +[x+2ial +[y+2,b] }2 (6-9)
. J 2
+
,zg Z;o 2+ [-x+@i+1)al +[y+20F |
. . 7 il g2 b b
—I—ZZ 0P T -%SXS%,-ES'VSE

jon i {L2 +[x+2iaf +[-y+ (2 +1)p] }
where the exponent of p indicates the reflective times through the light pipe on the x
and y axis, respectively. The first term of Eq. (6-9) represents the illuminance for the
virtual light spots with an odd times reflection along the *x axes and an odd times
reflection along the *y axes. The second term of Eq. (6-9) represents the illuminance
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for the virtual light spots without any reflection through the light pipe and with an
even times reflection along the *x axes and an even times reflection along the ty
axes, respectively. The third term of Eq. (6-9) represents the illuminance for the
virtual light spots with an odd times reflection along the *x axes and an even times
reflection along the *y axes. The fourth term of Eq. (6-9) represents the illuminance
for the virtual light spots with an even times reflection along the +x axes and an odd

times reflection along the ty axes. Eq. (6-9) can be simplified as following,

H fey) = J,O‘[Mj‘ I?
" /ZOO:Zoo{LZ x+za]2 [ y+jb]2}2

With reference to Fig. 6-3, we assume that the light sources are located at the

<x

N | o

<@ b, b (6-10)
2 2

:\,|;>

entrance of the light pipe, where the red, LED is located at coordinate (-P, +Q), the
first green LED is located at (+P; 4Q), the.second green LED is located at (-P, -Q)
and the blue LED is located at (+P; -Q), respectively. The expression of the
illuminance distribution radiated from-€ach LED on the exit plane of light pipe can be

derived from the Eq. (6-10) by shifting on the x-axis and the y-axis, as follows,

Hg(x,y)=Hy(x-P,y-0) (6-11)
Hgy(x,y)=Hy(x+ P,y +0Q) (6-12)
Hy(x,y)=Hy(x+P,y—-0Q) (6-13)
Hp(x,y)=Hy(x=P,y+0) (6-14)

Where Hg (x,y) , Hg(x,y) , Hp(x,y) and Hg(x,y) are the illuminance
distributions radiated from the first green LED, second green LED, red LED and
blue LED, respectively. And, the Jg,, Js2, Jr and Jp represent the luminous intensity
of the incremental area in the normal direction for each color LEDs, respectively.
Finally we can summarize the total illuminance distribution for the
mixed-colors LEDs on the exit plane of the rectangular light pipe as given by,
Hp(x,y) = Hgy (%, ) + Hg (X, ) + Hp(x,¥) + Hp(x, ) (6-15)
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To identify the uniformity on the exit plane of the rectangular light pipe, we

introduce the ANSI light uniformity referring to Eq. (2-10) and Eq. (2-11) and defined

by [38]
Maximum [H (x,, -
Ut — [ T( ! yl)]1710,11,12,13 11x100% (6-16)
Average [HT(xzayl)]l:I,Z,.Q
Minimum [H (x,, -
Ur-= [ T( ! J’1)]1710,11,12,13 —11%100% (6-17)
Average [HT(xzayl)]l:I,Z,.Q

The general equations that define the tristimulus-values distribution for each colored
LEDs in the CIE 1931 system on the exit plane of the rectangular light pipe are given
by [28]

X, (6, 0) =k H,(x,0)x 8, (2)5,,(2) #(2)a2
A
Y, (x,y)=k H,(x,y)x Z B, (2)S, (1) ¥(A)AA ,m=R, G, G2, B (6-18)
A
Z, (6 =k H, (5,0 B, (2)5,,(2) 2(2)a2
A

where x(4), ¥(4), and Z(1) denote the set of color-matching functions, k is the
normalized factor, S, (1) is the total spectral reflectance of the illuminated parallel
reflective sides in the light pipe for each light source and S, (ﬂ) is the relative
spectral concentration of the radiant power for each light source, and
H, (x,y) denotes the illuminance distribution radiated from each light source.

Then, we determine the tristimulus-values distribution for the mixed- color
LEDs in the CIE 1931 system and the chromaticity coordinates in the CIE 1976

system on the exit plane of the rectangular light pipe which are given by

X, (x5, y)=Xp(x,y)+ X (x,y)+ X (x, )+ Xp(x, )
Yw(an’) :YR(xay)+YG1(an’)+YGz(an’)+YB(an/) (6'19)
Z,(x,¥)=Zp(x, )+ Z51(x, )+ Z5,(x,¥) + Z5(x,¥)
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4X

w

X, +15Y, +3Z,
9.X

w

X, +15Y, +3Z,,

u'(x,y)=
(6-20)

vi(x,y) =

Finally, we identify the color uniformity by referring to Eq. (2-12), and the
total color difference between two color stimuli, each given in the terms of L*, a*, b*,
in CIE 1976 (L'a’b") —space by referring to Eq. (2-13) and Eq. (2-14),on the exit

plane of the rectangular light pipe.

6.5 Non-imaging performance evaluation

First, we select OSTAR® — Projection (Type name: LE ATB A2A) as our LED light
sources [61], whose relative spectral concentrations of radiant powers S, (1),
S;(4)and S,(1), are shown in Fig. '6-6 with a typical luminous intensity per color of
18 cd for one red-colored LED, 14 ed-for one green-colored LED and 3.5 cd for one
blue-colored LED, respectively, and with its natural white coordinate (0.360, 0.242)
in the CIE 1931 system. Besides the natural white color point of the specific LED
light source employed in this chapter, it can also be extended to other more common
white color points, such as the color coordinate (0.333, 0.333), by adjusting the
relative luminous intensity of each colored LED but decreasing the total output of the

luminous intensity.

120



-
o
1

Ss(4) Se(H Sr(N

o
oo
T

I
(o]
T

o
~
T

o
N
T

Relatively spectral concentrations of the
radiant power

0.0 =T T T
)] (o))

B 0]

o o

029
09
099
089
004 -

T T T
a (o (o]
N [e2] o
o o o

00¥

0cy
oy
09 -
08%
00§ -

Wavelength (nm)

Figure 6-6 Relative spectral concentrations of the radiant powers S, (ﬂ,), S (/1) and S, (ﬂ) For
OSTAR" — Projection (Type name: LE ATB A2A) as our LEDs light sources.

In order to have a convenient form.for the numerical evaluation we assume the
following. The reflectivity p is unity in Eq. (6-10)-and the total spectral reflectance
B (/1) is also unity in Eq.2(6-18).-Fmally, 'we calculate and analyze the total
illuminance distribution using Eq. (6-10) and Eq. (6-15), the ANSI uniformity using
Eq. (2-16) and Eq. (2-17), the ANSI color uniformity using Eq. (2-12) and the total
color-difference distribution using Eq. (2-13) on the exit plane of the rectangular light
pipe for a single color LED and mixed- color LEDs, respectively. In calculating Eq.
(2-13), X, =94.825, Y, = 100, Z, = 107.381 are the tristimulus-values of the nominally
white object-color stimuli given by the spectral radiant power of one of the CIE
standard illuminants D65 which represents a phase of the natural daylight with a
correlated color temperature of approximately 6504 K. The CIE standard illuminant
D65 is recommended a method of calculating the relative spectral radiant power

distributions of any daylight illuminant [28].
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The computer programs for the above mentioned evaluations are written in

Mathematica software [41]. We calculated and analyzed four cases as follows,

Case 1

There is a single LED point light source located at the center of the entrance plane of
the light pipe with ¢=0, P=Q=0, a= b= A, L= 0.10A, 0.25A, 0.50A, 1.00A and 2.00A,
respectively, where A is a constant. The distributions of the illuminances for L=
0.10A, 0.50A and 1.00A are shown in Fig. 6-7 (a), Fig. 6-7 (c) and Fig. 6-7 (e),
respectively, and the contours of the illuminances for L= 0.10A, 0.50A and 1.00A are
shown in Fig. 6-7 (b), Fig. 6-7 (d) and Fig. 6-7 (f), respectively. The variation of the
ANSI light uniformity versus the length L of the light pipe is shown in the linear chart
of Fig 6-7 (g) and in the exponential-chart-of Fig. 6-7 (h), respectively. The result
shows us that the ANSI light*uniformity: at theexit plane of the light pipe with a
single LED light source can be reduced exponentially.with the increase in the length
of the light pipe. In the case of‘the length scale'L/A being greater than unity, a single
LED source at the center of the entrance plane is uniformly illuminated with the
acceptable uniformly brightness image, i.e. +2.7% / -2.16% ANSI light uniformity, on
the exit plane of the light pipe. Once the light pipe is long enough with L/A over 2.0,
then the ANSI light uniformity can be achieved to +0.006%/-0.006% as being perfect.
This result was also demonstrated and proven in the paper of Cheng and Chern [19]
using the semi-analytical methods of the sequential ray tracing and the statistical

method of the Monte Carlo non-sequential ray tracing.
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Figure 6-7 Distributions and contours of illuminance for single LEDs under the condition of P=Q=0
and a=b=A with (a) and (b) L=0.1A, (c) and (d) L=0.5A, (e) and (f) L=1.0A. Also, the variation of
ANSI light uniformity versus the length L of a light pipe with (g) linear chart and (h) exponential chart.
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Case 2

As shown in Fig. 6-3, the point light sources are located at specific locations on the
entrance plane of the light pipe with ¢=0, P=Q=A/4, a= b= A, L= 0.10A, 0.25A,
0.50A, 1.00A and 2.00A, respectively, where A is a constant. The distributions of the
illuminances for L= 0.10A, 0.50A and 2.00A are shown in Fig. 6-8 (a), Fig. 6-8 (c)
and Fig. 6-8 (e), respectively, and the contours of the illuminances for L= 0.10A,
0.50A and 2.00A are shown in Fig. 6-8 (b), Fig. 6-8 (d) and Fig. 6-8 (f), respectively.
The variation of ANSI light uniformity versus the length L of the light pipe is shown
in the linear chart of Fig 6-8 (g) and in the exponential chart of Fig. 6-8 (h),
respectively. The result shows us that the ANSI light uniformity at the exit plane of
the light pipe with mixed-color LED- light sourees.can also be reduced exponentially
with the increase in length of the light pipe:with\a similar result as in Case-1. In the
case of the length scale L/A being greater than unity, the mixed-color LED sources on
the entrance plane are uniformly illuminated with/an- acceptable uniform brightness,
1.e. +0.61% / -0.65% ANSI uniformity, on the exit plane of the light pipe. Once the
light pipe is long enough with L/A over 2.0, then the ANSI uniformity can be

achieved to +0.0016%/-0.0016% as being perfect.
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Figure 6-8 Distributions and contours of illuminance for mixed-color LEDs in the condition of
P=Q=A/4 and a=b=A with (a) and (b) L=0.1A, (¢) and (d) L=0.5A, (¢) and (f) L=2.0A. Also, the
variation of ANSI light uniformity versus the length L of a light pipe with (g) linear chart and (h)

exponential chart.
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Furthermore, the distributions of the color-differences for L= 0.10A, 0.50A , 1.00A
and 2.00A are shown in Fig. 6-9 (a), Fig. 6-9 (c), Fig. 6-9 (e) and Fig. 6-9 (g),
respectively, and the contours of the color-differences for L= 0.10A, 0.50A , 1.00A
and 2.00A are shown in Fig. 6-9 (b), Fig. 6-9 (d), Fig. 6-9 (f) and Fig. 6-9 (h),
respectively. The variation of the ANSI color uniformity versus the length L of the
light pipe is shown in the linear curve and the exponential curve of Fig 6-9 (i). The
result shows us that the ANSI color uniformity at the exit plane of the light pipe with
a mixed-color LED light source can also be reduced exponentially by increasing the
length of the light pipe. In the case of the length scale L/A being greater than unity,
the mixed-color LED sources on the entrance plane are uniformly illuminated with an
acceptable uniform color image, i.e. 0,27%.ANSI color uniformity, on the exit plane
of the light pipe. Once the light«pipe is long.enough-with L/A over 2.0 then a perfect

ANSI uniformity can be achieveddo 7:3x10°° %.
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Figure 6-9 Distributions and contours of thescolor=difference for mixed-color LEDs in the condition
of P=Q=A/4 and a=b=A with (a) and (b))Z=0.1A, (c) and(d)-L=0.5A, (¢) and (f) L=1.0A, (g) and (h)
L=2.0A. Also, (i) the variation of ANSI coloruniformity. versus the length L of a light pipe with linear
chart and exponential chart.

Case 3

As shown in Fig. 6-3, the point light sources are located at specific locations on the
entrance plane of the light pipe with c=0, P=Q=A/4, a= L= A, b= 0.5A, 1.0A, 1.5A,
2.0A and 3.0A, respectively, where A is a constant. The distributions of the
illuminances for b= 1.5A, 2.0A and 3.0A are shown in Fig. 6-10 (a), Fig. 6-10 (c) and
Fig. 6-10 (e), respectively, and the contours of the illuminance for b= 1.5A, 2.0A and
3.0A are shown in Fig. 6-10 (b), Fig. 6-10 (d) and Fig. 6-10 (f), respectively. The
variation of the ANSI light uniformity versus the height 4 of the light pipe is shown in
the linear chart of Fig 6-10 (g) and in the exponential chart of Fig. 6-10 (h),
respectively. The result shows us that the ANSI light uniformity at the exit plane of
the light pipe with mixed-color LED light sources can also be increased exponentially

by increasing the height of the light pipe opposite to that of Case-2. In the case of the
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height scale L/A being greater than 2.0, the mixed- color LED sources on the entrance
plane is not able to be uniformly illuminated with an acceptable uniform brightness

image, i.e. +6.2% / -5.3% ANSI uniformity, on the exit plane of the light pipe.
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Figure 6-10 Distributions and contours of illuminance for mixed-color LEDs in the condition of
P=Q=A/4 and a=L=A with (a) and (b) b=1.5A, (c) and (d) 6=2.0A, (e) and (f) b=3.0A. Also, the
variation of ANSI light uniformity versus the height b of a light pipe with (g) linear chart and (h)

exponential chart.
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Furthermore, the distributions of the color-differences for b= 1.5A, 2.0A and 3.0A are
shown in Fig. 6-11 (a), Fig. 6-11 (c) and Fig. 6-11 (e), respectively, and the contours
of the color-differences for b= 1.5A, 2.0A and 3.0A are shown in Fig. 6-11 (b), Fig.
6-11 (d) and Fig. 6-11 (f), respectively. The variation of the ANSI color uniformity
versus the length L of light pipe is shown in the linear curve and the exponential curve
of Fig 6-11 (g). The result shows us that the ANSI color uniformity at the exit plane
of the light pipe with mixed-color LED light source can also be increased
exponentially by increasing the height of the light pipe. In the case of the height scale
L/A being greater than 2.0, the mixed-color LED sources on the entrance plane is not
able to be uniformly illuminated with an acceptable uniform color image, i.e. 2.3%

ANSI color uniformity, on the exit plane of the light pipe.
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Figure 6-11 Distributions and contours of the color-difference for mixed-color LEDs in the condition
of P=Q=A/4 and a=L=A and (a) and (b) 5=1.5A, (c) and (d) »=2.0A, (e) and (f) b=3.0A. Also, (g) the
variation of ANSI color uniformity versus the height b of a light pipe with linear chart and exponential
chart.

Case 4

As shown in Fig. 6-3, the point light sources are located at specific locations on the
entrance plane of the light pipe with ¢=0, a=b=L=A, P=Q= A/8, A/4, 3A/8 and 1A,
respectively, where A is a constant. The distributions of the illuminances for P=Q=

A/8, A/4,3A/8 and 1A are shown in Fig. 6-12 (a), Fig. 6-12 (c), Fig 6-12 (e) and Fig.
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6-12 (g), respectively and the contours of the illuminances for P=Q= A/8, A/4, 3A/8
and 1A are shown in Fig. 6-12 (b), Fig. 6-12 (d), Fig. 6-12 (f) and Fig. 6-12 (h),
respectively. The variation of the ANSI light uniformity versus the location of the
mixed-color light sources is shown in Fig 6-12 (i). The result shows us that the ANSI
light uniformity on the exit plane of the light pipe with mixed-color LED light sources

can also be minimized at +0.61% / + 0.65% under the condition of the locations

P=Q= A/4.
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Figure 6-12 Distributions and contours of illuminance for mixed-color LEDs in the condition of
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Furthermore, the distributions of the color-difference for P=Q= A/8, A/4, 3A/8 and
1A are shown in Fig. 6-13 (a), Fig. 6-13 (c) Fig. 6-13 (e) and Fig. 6-13 (g),
respectively, and the contours of the color-differences for P=Q= A/8, A/4, 3A/8 and
1A are shown in Fig. 6-13 (b), Fig. 6-13 (d), Fig. 6-13 (f) and Fig. 6-13 (h),
respectively. The variation of the ANSI color uniformity versus the locations of the
mixed-color light sources is shown in the linear curve and the exponential curve of
Fig 6-13 (i). The result shows us that the ANSI color uniformity at the exit plane of
light pipe with mixed-color LED light source can be maximized at 0.27% under the
condition of the locations P=Q= A/4 contrary to the case for ANSI uniformity.
However, it will be a trade-off between ANSI brightness uniformity and color

uniformity for the human eye.
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Figure 6-13  Distributions and contours of the color-difference for mixed-color LEDs in the condition
of a=b=L=A with (a) and (b) P=Q= A/S8, (c) and (d) P=Q= A/4, (e) and (f) P=Q=3A/8, (g) and (h)
P=Q= 1A. Also, (i) the variation of ANSI color uniformity versus the locations P and Q of a light pipe
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6.6 Summary and remarks

This Chapter investigated an analytical method of illuminance formation generated by
illumination using a rectangular hollow light pipe and mixed-color LEDs. The
corresponding ANSI light uniformity, ANSI color uniformity and color-difference
were derived for single LED and multi mixed-color LEDs. The analytical results
indicate that the distributions of illuminance and color-difference vary with the
different geometric structures of the light pipes and the location of the light sources.

In summary, (1) ANSI light uniformity at the exit plane of the light pipe with
single LED light source can be reduced exponentially by increasing the length of the
light pipe. (2) Both ANSI light and color uniformity at the exit plane of the light pipe
with mixed-color LED light sources can .also be reduced exponentially by increasing
the length of the light pipe. In the case of:the length'scale L/A being greater than unity,
the mixed-color LED sources on the entrance plane.are uniformly illuminated with the
acceptable uniform brightness-and color images. with.the brightness uniformity less
than 1% and color uniformity less.than 0.01. (3)-Both ANSI light and color uniformity
at the exit plane of the light pipe with mixed-color LED light sources can also be
increased exponentially by increasing the height ratio b/a of the light pipe. (4) The
ANSI light uniformity can be minimized while the ANSI color uniformity can be
maximized on the exit plane of the light pipe with mixed-color LED light sources
under the condition of the multi light-source locations P=Q= A/4.

We can conclude that rectangular light pipes provide extremely uniform
illuminations with the highest light efficiency and the most compact package for the
optical system with mixed-color LEDs compared to lenses, prisms and optical
diffusers. The optimum form factor of a light pipe is the fact that the cross-section is
square, and that the length scale L/A is equal to unity and that the multi light-sources

are locate on positions of A/4, individually.
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Chapter 7

Design of a dual-f-number illumination system

and its application to DM D™ projection displays

7.1 Introduction
The optical design with the appropriate f~number is the key to the illumination
system and the f-number value is often constrained and determined by the
light-valve’s architecture in the projection display. Conventionally, single f~number
and symmetric illumination pupil are_generally utilized in optical system. However,
these do limit optical collection” efficieney and.imaging quality. Digital Light
Processing™ (DLP™) is one ©of the light-valve technologies, based on DMD™ that is
a reflective digital light valve developed. by, Texas Instruments. The DMD™
architecture can yield the projector with compact size, high resolution, good digital
image quality and exceptional durability. But, there is still one critical issue of
brightness improvement stemming from the size of DMD™ that have been being
developed smaller and smaller by the advanced semiconductor technology for the
commercially ultra-portable projector in business and home entertainment use [58].
The brightness is not only a most important specification of the projector
but also always a challenge of the optical design in projection systems. Because of the
narrow tilt angle of DMD™, the f-number-limited optical system design is required
and restricts the Etendue (or said optical collection efficiency) in DMD™-based
projection system. In case the f-number were not restricted within the specific value,

there would be a poor contrast ratio or ghost image observed on the screen [62].
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The DMD™ consists of hundreds of thousands of moving micromirrors that
are made to rotate to either +12° or -12° positions depending on the binary states (said
on-state and off-state, respectively) of the underlying SRAM cells below each
micro-mirror [52], as shown in Fig. 7-1. On-state reflected light from DMD™ chip
is directed into the entrance pupil of the projection lens and the corresponding image
on the screen is bright. Off-state light is steered away from the entrance pupil of
projection lens and the corresponding image on the screen is dark. The specular
light (said flat-state light) reflected while micromirrors are flat (no deflection), also
should be directed out of the entrance pupil of projection lens for the high contrast
ratio and eliminating the ghost or stray light through the pupil onto the screen. The
conceptual principle of the optical design,in DMD™ based projection system is to
prevent the overlaps of on-, offs, and flat-state.pupils for the high contrast ratio and
high quality image controls. “Because of thelight-steering action of +12°-tilt angles
on DMD™ mentioned above, the thalf ‘cone-angle/ of illumination light should be
bounded within £12°, (i.e. numerieal aperture’N.A. 0.2079), which corresponds to
the /2.4 optical design in the illumination system. The constraint on f~number is a
critical factor to result in the low optical collection efficiency in the conventional
DMD™-based projection system. Once this bottleneck could be overcome, the
optical efficiency and the brightness on the screen for the small size DMD™-based

projectors would be enhanced.
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Light throughput to screen

ﬁ Entrance pupil of

Mumination light ®/ Projection Lens

DMD Pixel

Figure 7-1 Schematic diagram of the light-steering action of a £12°-tilt angles on DMD™.  The half
cone-angles of the illumination light and on-, flat-, off-states lights are £12°. The included angle
between each pair light is 24°.  On-state reflected light from DMD™ chip is directed into the entrance
pupil of the projection lens and the corresponding image on the screen is bright. Off- and flat- state
lights are steered away from the entrancespupil-efprojection lens and the corresponding image on the

screen is dark.

In this chapter we propese new optical design. that can solve the f~number
constraint mentioned above. The proposed optical.design employ an elliptic-shaped
illumination-pupil, which corresponds to the dual f-number, for example /2.0 x f/2.4,
to overcome the f/2.4 constraint, due to the light-steering action of the narrow
+12°-tilt angles on DMD™, and to enhance the optical collection efficiency and

screen’s brightness with an adequate contrast ratio in the DMD™ -based projector.

7.2 Optical system design with Cooke triplet

The Cooke triplet has been a classical optical design [18, 63]. It was also
proposed as the projection lens in the over-head projector system [64]. Here, as an
illustration of dual f-number illumination system, we design three types of Cooke

triplet lens for the illumination systems with f/2.4x f/2.4, f/2.0x /2.4 and f/2.0x
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/2.0 by OSLO program [65], respectively, as shown in Fig. 7-2. The effect of dual

f-number on the aberration on the illuminated plane can be seen.

Cacke iripletl for illumination UNITS: W
FOCAL LENGTH = 34.75 NA = (0.2151 DES: Ch CHENG
15.5 BK7 SF1 BK7
R1=2322 RI=2468 RI=12391

R2=2391 R2=1468 R2=-23.22

Object Aperture stop

Image

11)‘10\11
2

»

60

Figure 7-2 Schematic diagrams of. the illumination:system layouts for an air-spaced triplet lens

design.

As shown in Fig. 7-3, the dimensions and.foetprints of the aperture stops are
different between each configuration ‘according to the different f~number values,
where x-axis stands for the tangential axis and y-axis stands for the sagittal axes,
respectively, on the aperture stops in the optical illumination system that is shown in
Fig. 7-2. The round-shaped illumination-pupil of //2.4x f/2.4 is shown in Fig. 7-3 (a),
the elliptic-shaped illumination-pupil of f/2.0x f/2.4 is shown in Fig. 7-3 (b) and the

round-shaped illumination-pupil of f/2.0x f/2.0 is shown in Fig. 7-3 (¢).
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Figure 7-3 Beam footprint outline at aperture stop. (a) f/2.4x f /2.4 illumination system. (b) //2.0 x f

/2.4 illumination system. (c) /2.0 x f/2.0 illumination system, where x-axis stands for the tangential

axis and y-axis stands for the sagittal axes, respectively.
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The MTF values of those three types of f~number design for the “maximum
field of view” are calculated and performed in Fig. 7-4, that is considered by the
edge-ray principle in the illumination system [26]. In the result of the design, MTF
value of f/2.4x f/2.4 is 34.46% on tangential plane and 34.18% on the sagittal plane;
MTF value of f/2.0x f/2.4 is 25.37% on tangential plane and 33.67% on the sagittal
plane; MTF value of f/2.0x £/2.0 is 20.67% on tangential plane and 19.90% on the
sagittal plane. That indicates the performance of the imaging resolution of dual
f-number f/2.0x f/2.4 system is between those of //2.4x f/2.4 and f/2.0x f/2.0. And,
the astigmatism of f//2.0x f//2.4, i.e. the aberration difference of the tangential MTF
and sagittal MTF, is worse than those of f/2.4x f/2.4 and f/2.0x f/2.0, due to the

nature of dual- f-number.
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Cooke triplet for illumination FBY 1 FBX O FOC O
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(c)
Figure 7-4 Modulation transfer functions for the illumination systems. (a) f/2.4x /2.4 illumination

system. (b) /2.0 x f/2.4 illumination system. (c) //2.0 x f/2.0 illumination system.

This kind of the optical design gis for the illumination system but not the
imaging system, so the astigmatism is not a significant index to judge the dual-
Jf-number functionality but the.average MTE 1s. _Generally, the reasonable resolution
of the illumination system desigh isstound 30% MTF value at 50 line-pairs per mm
for controlling the around 7% overfill value with the 10pum imaging RMS spot size on
the illumination plane. Therefore, the dual f~number design should keep the above
minimum criterion with the reasonably acceptable resolution performance in the
illumination system. As shown by the above-simulated results in Fig. 2-10 and 7-4,
we can conclude that dual f-number is not only able to enhance the collection

efficiency but also keep the reasonable aberrations in the illumination system.

7.3 Extension to the DMD™-based projector system
For single-DMD™-based projector, because of the light-steering action of
+12°-tilt angles, a /2.4 constraint has been documented on DMD™ architecture. In

the following, a dual f~number f/2.0x f'/2.4 optical system will be developed for the
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single-DMD™-based projector. The advantages of the dual f-number illumination
system will be further analyzed.

The optical system layout for the single-DMD™-based projector is illustrated
in Fig. 7-5 (a) and Fig. 7-5 (b). The optical system is a telecentric system that is
defined as the location of exit pupil of the illumination system or the entrance pupil of
the projection lens at or near infinity from the objective surface. It consists of one
lamp light-coupling system, the illumination system, a light separator, DMD ™ and a

projection lens system.

. Illumination Ellipiic obscuoration-aperiure
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Figure 7-5 Schematic diagrams of the optical system layouts for the elliptic-shaped illumination-pupil
design in the DMD™-based projection systems. (a) Elliptic obscuration-aperture design. (b)

Anamorphic lens design, between the lamp’s reflector and the integration rod.
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The illumination system consists of one ultra-high-pressure-mercury lamp
with short arc, one elliptic reflector (f/1 and maximum cone-angle= +30°), one
integration rod (dimension = 7.35 mm x 5.51 mm x 42 mm), one set of the relay and
the field lenses, one light separator, one DMD™ chip and one projection lens. The
illumination system is f /2 optical system that consists of three singlet lenses, one
achromatic doublet and one illumination aperture-stop. The light separator is one
TIR-prism [24]. The DMD™ chip is 0.7-in diagonal size, 1024x768 pixels resolution,
4:3 aspect ratio and +12°-tilt angles. The projection lens is with f /2, focal length
28.3mm and the elliptic aperture-stops. There are extra components, either one elliptic
obscuration aperture as shown in Fig. 7-5 (a) or one anamorphic lens as shown as Fig
7-5 (b) between the lamp reflector and the integration rod for the new optical design.

The arc of lamp is located ongthe first foeus-point of the elliptic reflector
and is imaged on the second focus point by the elliptic reflector. The light from the
lamp is collected by the reflector and is incident on the.entrance end of the integration
rod. And, the light beam passes through either-one elliptic obscuration aperture or
one anamorphic lens that is located between the lamp reflector and the integration rod.
Then, the non-uniform light from the lamp is uniformly illuminated on the exit end of
the integration rod through the multiple reflections inside. = The uniformly
rectangular-shaped light spot on the exit surface of the integration rod is imaged onto
the active area of DMD™ by the illumination optics (i.e. three singlet lenses and one
achromatic doublet) and one TIR prism. TIR prism is a light separator that is a
compound prism system to guide the light onto and away from DMD™ in the
illumination system and the projection system simultaneously by the air-gap and one
total internal reflection surface between two prisms. The image of the DMD™ is
projected and imaged onto the screen by the TIR-prism and the projection lens while

DMD™ is in the condition of the on-state configuration. While the configuration of
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DMD™ is in either the flat-state or the off-state, the light beam is steered away from
the entrance pupil of the projection lens and the light is not projected on the screen.

In the illumination system, there is one aperture-stop that limits the size and
the axial cone of light energy. The entrance and the exit pupils are the conjugate
images of the aperture stop in the object and image spaces of the illumination system,
respectively. In order to attain the maximum optical collection efficiency, the
entrance pupil of the illumination system should be designed on the entrance end of
the integration rod that limits the light beam from the lamp and the reflector, and the
exit pupil of the illumination system should be designed on the entrance pupil of
projection lens to attain the maximum throughput on the screen, as shown in Fig. 7-5
(a) and Fig. 7-5 (b).

In the conventional «optical design. for-+12°-tilt-angles DMD™-based
projection system, the f-numbersshould be limited on the value of the f /2.4 that
corresponds to the £12°-half-cone angles of the illumination system because of the
light-steering action for on-, “flat-._and off-States of +12°-tilt-angles DMD™
architecture, as shown in Fig. 7-6 (a). The light energy on the aperture-stop is
bounded within one round-shaped area (called the “light envelope”) and the
size/diameter of the light envelope is determined by the F-number and the maximum
acceptance cone angle. There are many light spots of images, like the checkerboard
array, in the light envelope, that are formed by the multiple reflections from the inner

walls of the integration rod, as shown in Fig. 7-7 (a).
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Figure 7-6 Schematic diagrams of the illumination-pupil stops in the £12°-tilt-angles DMD™-based
projection system. (a) Conventionally optical design of symmetrically single f/2.4 system. (b) Optical
design of symmetrically single f /2.0 system. (c) New optical design of the asymmetrically dual
JSnumber (/2.0 x f/2.4) system.
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Figure 7-7 Image of the light envelops in the entrance pupil of the projection lens in the simulation. (a)

For the symmetrically single f /2.4 system with the round-shaped illumination-pupil. (b) For the
asymmetrically dual f~number (/2.0 x f/2.4) system with the elliptic-shaped illumination-pupil.

Two kinds of the optical designs with the asymmetry-shaped apertures in the
illumination system and the projection lens have been proposed to improve the

contrast ratio [66, 67]. The functionalities of the asymmetry-shaped apertures are to

151



baffle the scattered lights and diffracted lights from the illumination system. For those
designs, the minimum f~number is still determined by the tilt-angle on DMD™ and
the baffling apertures will lead to the reduction in the optical efficiency significantly.

Because of the limitation of //2.4 in the illumination system, the brightness of
DMD™-based projector is limited on the specific maximum value unless we could
enlarge the acceptance cone angle in the system. If we enlarge the acceptance cone
angle to the greater-than +12°-one, for example £14.48° that corresponds to f/2.0, as
shown in Fig 7-6 (b), there exits the overlap of light envelopes between on-state and
flat-state. This result is possible to cause a poor contrast ratio, the stray light and the
ghost image through the projection lens on the screen. Of course, we can design a
baffle at the edge of aperture stop to cut-off the overlay of the light envelopes at the
aperture-stop in the projection lens.” In this.case, the sagittal direction of the aperture
stop becomes /3.0 restrictively even though the tangential direction is //2.0. This
kind of the design is not able to increase the optical efficiency significantly more than
the conventional f/2.4 illumination system.

The solution proposed here is a new design of the elliptic-shaped
illumination-pupil to improve the f-number limitation, as mentioned above, in the
optical system of DMD™-based projector. Either an elliptic-shaped obscuration
aperture or an anamorphic lens between the lamp’s reflector and the integration rod in
one f /2.0 optical system, as Figs. 7-5 (a) and 7-5 (b), have been proposed [68,69].
These methods are able to “re-shape” the illumination-pupil from symmetrically
round light-envelope to asymmetrically elliptic one at the aperture-stops of the
illumination system and the projection lens, respectively, as shown in Figs. 7-5 (a)
and 7-5 (b). In other words, the tangential direction of the illumination pupil still
keeps the /2.0 light cone-angle, but the sagittal direction of the illumination pupil is

compressed to /2.4 cone-angle light by either the elliptic-shaped obscuration aperture
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or an anamorphic lens. Another design with an ellipsoid-shaped diaphragm at the
aperture-stop in the projection lens to prevent the flat-state light through the
aperture-stop for the high contrast ratio on the screen, as shown in Fig. 7-6 (c), is also
proposed.

In other words, the design proposed here utilizes either an elliptic-shaped
obscuration aperture or an anamorphic lens to generate the “dual f-number”, for
example /2.0 x f/2.4, in the illumination system of DMD™-based projector. The
“dual f~number” means that the tangential F-number value is not equal to the sagittal
one, and the shape of the illumination pupil is elliptic but not round. By means of
this design, the brightness enhancement against the //2.4 limitation can be established.
Additionally, optical system that with_the,F-number more than f/2.0, for example f
/1.8, f /1.6 and so on, can besdeveloped along the design flow illustrated above.
Small f-number stands for thewlarger  acceptance  cone-angle and higher optical
efficiency in the optical system. (Of course, there temain the trade-off issues in
considering the cost-and-performance ratio and the requirements of the product
specification.

It should be noted that the dual f~number design is also able to prevent the
overlap between on-state and flat-state of DMD™ at the entrance pupil of the
projection lens, and some stray lights or the ghost images on the screen while the
tangential f~number is greater than f'/2.4. Therefore, the dual f-number does not only
increase the brightness but also keeps the contrast ratio in the DMD™-based projector

at the same time.
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7.4 Simulation exploration of dual-f/# illumination system
7.4.1 Etendue simulation of lamp coupling system

In the beginning of optical design for the illumination system with specific
f-number, we should estimate the maximum collection efficiency of light source by
the Etendue calculation in Eq. (2-22). The simulation of the collection efficiency is
performed by the ray-tracing program of Advanced Systems Analysis Program
(ASAP) [70] and the light source model is a Radiant Imaging data file [71] of an
ultra-high-pressure mercury lamp with 1.3mm arc-gap, an ellipsoidal reflector
(R=24.858, k=-0.596) and maximum half cone-angle +30° (i.e. f/1.0). The
geometrical model of lamp coupling system is shown as Fig. 7-8. We fixed the
f-number (i.e. the cone angle) of the lamp,coupling system and regarded the value of
acceptance area (i.e. the entrance area of the.illumination system) as the variables to
calculate the relationship between the Etendue in Eq. (2-22) and the collection
efficiency of the acceptance area. dInthe ASAP ray-tracing program, 1,000,000 rays
are created at the Radiant Imaging.source and then traced randomly through the

geometrical model of lamp coupling system.

Ray-tracing

Light source

Elliptic reflector h - Rectangular-aperture detector

Figure 7-8 Schematic diagram of the lamp coupling system that consists of a light source, one elliptic

reflector and one rectangular-aperture detector.
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The simulated data of the collection efficiency versus Etendue was plotted in
Fig. 7-9, and then we fitted the set of data to a formula as the function of Etendue as
shown in the view box of Fig. 7-9. The symbols in view box of the Fig. 7-9 are
defined as Chi*2/DoF is x> —value, R is the correlation factor and the second terms of
a, b, ¢ parameters are the standard errors of a, b, ¢ values, respectively, in the
mathematical statistics. According to this fitted formula, the collection efficiency
for the specific Etendue that is a function of the dual f£number and acceptance area
(i.e. the entrance area of the integration rod) in DLP-based illumination system can be
calculated. By this simulation method, we can estimate the lamp coupling
efficiencies for the different dual f-number configurations before designing the

illumination systems.
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Figure 7-9 Simulated data of the collection efficiency versus Etendue is plotted as the filled-circle

dots. The solid curve and the equation is the fit to the simulated result of lamp coupling system.

The Etendue of the specific dual £numbers are estimated in Table 7-1. The

percentage of the lamp coupling efficiency for dual /2.0 x f/2.4 is 68.97%, that for
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dual //2.2 x f/2.4 is 67.54 % and that for single //2.4 x /2.4 is 66.18 %. As expected,

coupling efficiency can be improved.

Table 7-1 Lamp’s Coupling Efficiencies vs. Etendue.

Etendue Collection efficiency
f-number configuration
(mm*2 steradian) (%)
f124xf/2.0 26.490 68.97%
f”4xf/2.1 25.228 68.25%
fl24xf12.2 24.081 67.54%
fR”Axf/2.3 23.034 66.85%
fl2Axf2.4 22.075 66.18%

7.4.2 Optical efficiency of the illumination system

The geometrical model of the optical system.is described in section 7.3 as
shown in Fig 7-5 (a). Again, the Simulation.is-performed by the ASAP program and
the light source model is a Radiant Imaging data file of the same lamp model
mentioned in above section. In simulation, typically 1,000,000 rays are created at
the Radiant Imaging source and then traced randomly through the geometrical model
of the optical system.

The simulated data of the collection efficiency in the DMD active area is
shown in Table 7-2. Comparing with single f/2.4 illumination system, the percentage
of the increase of the optical collection efficiency on DMD active area for the dual f
/2.0 x f12.4 1s 6.2%, that for dual //2.2 x f/2.4 is 3.6 %. The light-spot shape and the

intensity distribution of the illumination-pupil at the entrance pupil of projection lens
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is simulated and showed in Fig. 7-7 (b).

The result indicated that the

illumination-pupil becomes the elliptic-shaped from the single f~number to dual one.

Table 7-2 Optical Collection Efficiencies on DMD’s active area

DMD active area

f-number configuration Overfill (%) Ratio
Collection efficiency (%)

f12.4x /2.0 63.05% 9.07% 1.062

f12.4xf/2.1 62.35% 9.02% 1.050

f124xf12.2 61.53% 8.92% 1.036

f12.4xf/2.3 60.63% 8.87% 1.021

f24Axf/2.4 59:39% 8.81% 1.000

To briefly summarize,

the dual  fsnumber design utilizes either an

elliptic-shaped obscuration aperture’ orvanyanamorphic lens between the lamp’s
reflector and the integration rod to generate the=*dual f~number”, for example 1/2.0 x f
/2.4, in the illumination system of DMD™-based projection system. This optical
design is able to enlarge the acceptable cone-angle, i.e. the optical efficiency, in the
tangential axes at the entrance pupil of the projection lens, and prevent the overlap
between on-state and flat-state of DMD™ in the sagittal axes from the some stray
light or the ghost image on the screen. By the design proposed here, the percentage
of the lamp coupling efficiency for the dual /2.0 x f/2.4 is 68.97% and that for dual /'
/2.2 x /2.4 1s 67.54 %. Comparing to the conventionally single f/2.4 illumination
system, the simulated data of the optical collection efficiency increase on DMD active
area for the dual //2.0 x /2.4 is 6.2%, that of the lamp coupling efficiency for dual /'

/2.2 x f/2.4 1s 3.6 %.  Overall, the dual f~number design can get rid of the f/2.4
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constraint, due to the light-steering action of narrow +12°-tilt angles on DMD™ and
enables a lower-than- f/2.4 optical design with a significantly brightness increase and

an adequate contrast ratio in the DMD™-based projectors.

7.5 Summary and remarks

In summary, the design of a dual- fnumber illumination system and its
application to projection display has been investigated. The Etendue formula of an
elliptic-shaped illumination-pupil has been derived. This formula can be used to
estimate the optical collection efficiency before designing the illumination optics.
Ilustrations based on classical Cooke triplet and potential application to a DMD™
projector system has been provided.

It should be noted that the dual f~number ‘optical system design could also be
applied to any on-axis or off-axis: projection-lens,or camera-lens systems with not
only the higher illumination but alse thelower aberrations of coma and astigmatism
on the image plane by the elliptic-shaped diaphragm. The design presented here also
infers the possibility and feasibility of the multiple f~numbers and the anamorphic

illumination pupil or diaphragm in the optical system.
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Chapter 8

Conclusions and future works

8.1 Conclusions

We develop either an analytical or a semi-analytical model by the use of
optical transfer function (OTF) and illumination formations and put emphasis on the
study of imaging and non-imaging qualities in the incoherent imaging system. Since
the illumination light could vary the intensity distribution of the reflective light from
an object, we could no longer assume the OTE or MTF of the object equal to unity in
an imaging system. In this thests, we make. the in-depth investigation into the
relationship between OTF and 'the illumination light distribution by calculating the
OTF using the pupil function with the‘amplitude-transmittance function 7°(x, ) in Eq.
(2-1) and the wave aberration<function WAX,"y) in Eq. (2-2). The amplitude
transmittance function 7°(x, y) stands for the term given to the characteristic of a
non-imaging system. The wave aberration function stands for the term given to the
characteristic of an imaging system. One of main contributions of this thesis is to
implement and demonstrate the effective factor of the non-imaging system (i.e.,
illumination light) in OTF calculation for assessing and specifying the performance of
the imaging system.

Then, a new approach for extending the depth of focus (EDOF) in an
incoherent imaging system with a programmable shaped pupil using structured light
has been demonstrated, which provides the connection between non-imaging and
imaging systems for enhancing the image quality in the conventionally incoherent

imaging systems such as light pipe, photography, microscopy and projector with
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embedded illumination modulator. We calculated the OTFs and illumination

formations, and analyzed the optical performances for the following four subjects.

A. Subject-1: Optical transfer functions for the specific-shaped apertures
generated by illumination with a rectangular light pipe

The pupil function and the corresponding OTFs of the specific shaped aperture
generated by illumination with a rectangular hollow light pipe have been investigated
in the aberration-free and defocused optical systems, respectively. In conclusion, (1)
the OTF values of the even-peak frequencies can decrease when the size of the
Lambertian light source decreases, (2) if there are a total of n x n individual
apertures within the pupil, then there are u#near-periodical peaks on the OTF curve. (3)
The OTF’s values remain almost unchanged.with the-different length of the light pipe,
(4) the geometric structure of'thedight pipe does net affect the resolution limit of the
optical system, and the case of the\defocused system. can coincide with that of the

aberration-free system under the condition of a larger defocused coefficient ..

B. Subject -2: Programmable apodizer in incoherent imaging system using a
digital micromirror device

We have provided a new approach for improving the image quality for the
incoherent imaging systems, including photography, projector and microscopy, with a
specific illuminator modulator. The semi-analytical results using the optical transfer
function (OTF) indicated that the depth of focus can be extended with specifically
shaped illumination, which is generated by a digital micromirror device or LED array,
on the aperture stop in the imaging system with a specific defocus coefficient, and the
specific coefficients for spherical aberration and coma aberration. It has been shown

that a shaped pupil with a scale ratio K equal to 0.05 is more helpful for extending the
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depth of focus at low spatial frequency, while a shaped pupil with a scale ratio K
equal to 0.3 is more useful for extending the depth of focus at high spatial frequency.
Furthermore, the image quality could not be significantly influenced as the fill factor

(i.e. aperture ratio) of the spatially shaped pupil varied from 100% to 80%.

C. Subject -3: llluminance formation and color-difference of mixed-color
LEDs in a rectangular light pipe: an analytical approach

An analytical method of illuminance formation generated by illumination using a
rectangular hollow light pipe and mixed-color LEDs were investigated. The
corresponding ANSI light uniformity, ANSI color uniformity and color-difference
were derived for single LED and multi mixed-color LEDs. The analytical results
indicate that the distributions «0f “illuminance. and- color-difference vary with the
different geometric structures'of the light pipes and the location of the light sources.
Both ANSI light and color uniformities at the exit.plane of the light pipe with
mixed-color LED light sources can be reduced exponentially by increasing the length
of the light pipe, but can be increased exponentially by increasing the height ratio b/a
of the light pipe. In the case of the length scale L/A being greater than unity, the
mixed-color LED sources on the entrance plane are uniformly illuminated with the

acceptable uniform brightness and color images.

D. Subject -4: Design of a dual- f-number illumination system and its
application to DMD™ projection displays
The design of a dual-F-number illumination system and its application to
projection display has been investigated. The Etendue formula of an elliptic-shaped
illumination-pupil was derived. This formula can be used to estimate the optical

collection efficiency before designing the illumination optics. Illustrations based on
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classical Cooke triplet and potential application to a DMD™ projector system has

been provided.

8.2 Future works

In this thesis, we have analytically and numerically demonstrated the feasibility
of extending the depth of focus with structure light (i.e. non-imaging illumination) on
the aperture stop in the incoherent imaging system by the use of the pupil function
and the optical transfer function. Furthermore, an analytical model of the non-imaging
system by the use of illumination formations has also been demonstrated. The
preliminary results as described in this thesis could provide us either analytical or
semi-analytical tools for optimization and, simulation in designing an advanced optical
system with the imaging lens system and;the.embedded illumination modulator before
we start the experiment. The explorations of the.algorithm development in optical
optimization and simulation, ‘and its amplement in the experiments and real optical
devices will be my future works. We.propose thtee primary directions extending our

previous works as follows, and the roadmap of my future works is shown in Fig 8-1.

(1) Toward an entirely analytical model for optimization in optical design:

In our previous study, only an analytical or semi-analytical model using OTFs
and pupil functions was discussed, and the image quality of the imaging system was
investigated just with defocus, spherical and coma aberrations. While exploring to
realistic situation, we have to consider more monochromic aberrations such as
astigmatism, field curvature and distortion, and chromatic aberrations such as
longitudinal color and lateral color for a real optical system in our analysis model.
Besides image evaluation, the optimization algorithm should be further developed for

dealing with the more and more complicated and compact optical system design
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including imaging and non-imaging, for example, how to connect between the scale
ratio K (a term of non-imaging property) and OTF (a term of imagining performance)

will be a critical issue in optical design and optimization.

(2) Toward an experimental analysis on image evaluation in the conventionally
imaging systems:

In this thesis, we just demonstrated our research and development using the
numerical approach and computed image processing without the experimental
verification although we believe the numerical support and exploration will also help
the clarification. We understand the importance of experimental realization of
proposed schemes, and therefore we will plan a serious of experimental analyses on
modulation-transfer-function (MTF) measurement-and image evaluation in the
conventionally imaging systems especially for photography and microscopy with an
imaging system and the specific illumination modulator with the characteristics of

either incoherent or coherent light.

(3) Toward new implements and applications in medical imaging of BioOptics:
Medical imaging is the state-of-the-art technology to provide two- or
three-dimensional images of the living body for clinical purposes or medical science.
Imaging studies can diagnose disease or dysfunction from outside the body, providing
information without exploratory surgery or other invasive and possibly dangerous
diagnostic techniques. In the field of BioOptics, medical imaging incorporates
medical photography and microscopy, endoscopy, optical coherence tomography,
ophthalmoscopy and so on. Since most of observed organs and tissues are
three-dimensional objects, the extending the depth of image field is necessarily

required in medical imaging system design. From the point of view of potential
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applications, as well as from a purely academic perspective, it will be worthwhile to
explore new approaches to extending the depth of focus (EDOF) leveraging with our
previous works on embedded illumination modulator for optically medical imaging

systems in the future.
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Figure 8-1 The roadmap of my future works in extending the depth of focus (EDOF) with embedded

illumination modulator.
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