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Study on Localized Light Pipe for Field —
Sequential — Color LCD Backlight System
Application

Student: Ming-Chin Chien Advisor: Dr. Chung-Hao Tien

Department of Photonics & Display Institute
National Chiao Tung University

Abstract

The aim of this thesis is to analyze:and investigate the light pipe principle,
especially for that applied to the'small'size field-sequential color liquid crystal display.
The field-sequential scanning backlight system has a lot of advantages such as high
efficiency, high color gamut, and colorfilter-less. When the light coupled into the pipe,
the ray propagates inside the pipe under a cone of aperture and then reflected outside
the pipe by the micro structure deposited on the bottom or the shape of the pipe itself.
The design of the pipe should have some criteria. For example, the non-uniformity
should not be noticed by human eye and divergence angle should be well controlled.
The light-collimating bars and the light pipes were adapted to manage the light
illuminating angle and the light leakage into the other section in order to display the
correct color on the panel. Through the simulation and experiment, a backlight for the

small size field-sequential color liquid crystal display has been realized.
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Chapter 1

Introduction

Introduction

Light pipes are already widely-used components for all kinds of electro-optical
systems, like projector, [1] backlight systems for liquid crystal display (LCD), [2]
optical mouse, and automotive dashboard. [3]-[4] Therefore, light pipes have turn into
critical elements in a variety of applications. In this thesis the analysis and
development for the illumination light pipe applied to field-sequential color (FSC)
LCD backlight system will be given. Light pipes, like optical fibers, are solid tubes
typically made of plastic such as Aerylic- or PMMA. However, unlike optical fibers
they do not have any type of cladding. ‘Plastic. light pipes offer a relatively
inexpensive and simple fabrication process, ex. Injection-Moulding, for lighting and
illumination perpose. Light pipe itlumination systems collect light from a light source,
transport the light to a desired location, and output coupled light to illuminate a
display. [Fig.1.1] shows an example of a light pipe illumination system for backlight

and automotive display.
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HghiiSeirce [Fig. 1.1] Example of light
X T pipe illumination system
»Z
Collection Optic Fold Mirror
\




Recently, there are a number of researches related to the design of light pipe in
the published literatures. Gupta et al. presented the concept of principal sections of a
light pipe to analyze the propagation of light through the light pipe by total internal
reflection (TIR). The acceptance angle and the regions where the leakage occurs first
are only determined by the principle section. [5] An analytical modal, termed the flux
confinement diagram (FCD), developed by Derlofske et al. was to describe the flux
input coupling, transport, and output coupling in light pipe illumination systems. [6] S.
Chu and J. Chern demonstrated no-loss bent light pipes with an equiangular spiral. [7]
Y. Cheng and J. Chern analytically and numerically investigated, the irradiance
formation of an asymmetrically located Lambertian light source in hollow straight
light pipes with square and circular shapes. [8] Davenport et al. took a fresh look at
some angle-to-area conversion lingar light pipes.:[9] Koshel and Gupta developed a
set of parameters to describe the overall shape of.an-in-plane light pipe section. [10]
All of these literatures established some-essential and major concepts about how we
can design the light pipe and how the light propagates in it. The following is a list of
the relevant references of the light pipes, shown in [Table 1.1]. [5]-[10]

[Table 1.1] List of publications related to light pipe.

Year Authors/Source Characteristics
2001 A. Gupta, J. Lee, and R. J. Koshel / AO Analysis
2004 J. F. Van Derlofske and T. A. Hough / OE Flux analysis
2004 | L.R. Daveport, A. Hough and J. Cassarly / Proc. Efficiency
of SPIE

2005 S.-C.Chuand J.-L. Chern/OL Analysis
2005 R. J. Koshel and A. Gupta / Proc. of SPIE Efficiency
2006 Y.-K. Cheng and J. —L. Chern/ JOSA Analysis

In general, light pipe is an optical component that transfering the light from the
input port to the output port, while the light pipe either carries the information or not.

The light pipes used in FSC LCD backlight, except for guiding and illuminating the
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light from the light source, still have some additional criterions. Therefore, it is
necessary to know about some fundamental concepts of FSC LCD and what
characteristic of light pipe should have in this display backlight system. Through the

above consideration, the aim in this paper is as plain as a pikestaff.

1.1 Field-Sequential-Color Liquid Crystal Display (FSC LCD)

Color representation on conventional LCD has been accomplished with a
combination of LC cells, micro color filters (CFs), and a white Cold Cathode
Fluorescent Lamps (CCFL) backlight. However, only one third of the light from
backlight can passes through the CFs, the other two-thirds energy is lost in this
system. In addition, the color gamma is lower then National Television System
Committee (NTSC) standard owing to the spectrum characteristic of the CCFL and
CFs. [Fig. 1.2] Furthermore, the white backlight is always turned on and the blurring
is an inherent character in this hold-mode.display. These drawbacks prompt numerous
researchers to improve performances..of the “conventional LCD in light-usage
efficiency and image quality such as color saturation, contrast and viewing angle. [11]

Recently, the fast-response LCD, i.e. the Optically Compensated Bend (OCB) cell,
has been developed. A nematic LC device, can readily be droved to exhibit combined
on and off response time less then 10ms, and a high efficiency LED, the next
generation light source, having the superiorities in the spectrum that could have a very
narrow distribution resulting in a very wide color gamut when assembled as a
backlight unit, and in its response time (on and off). [Fig. 1.2] Therefore, it is possible
to introduce the FSC displaying method in LCD.

The FSC LCD temporally presents color on each pixel with red, green, and blue.
The backlight illuminates the corresponded section simultaneously with the scanning

of thin-film-transistor (TFT). Spatial refresh is performed by scanning from top to
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bottom, that taking on the entire duration of one refresh frame.

0.9
------ CCFL Backlight
——NTSC Standard
= =FSC LCD

0.8

0.7

0.6

500
0.5

y
0.4

0.1

0.0 386
0.0 i 3 i ; i i ; 0.8

[Fig. 1.2] CIE color space diagram
For example, the backlight was determined to be equipped with 10 light pipes

while the following condition should be satisfied.
[1 field time] > = [scanning-time of the whole gate lines] / [pipe number] +
[response time of liquid crystal] + [backlightflashing time]
One color field has duration of 1/180°sec (5.6°msec). The OCB-mode LC used in the
prototype has a response time of a couple of milliseconds at gray-level transitions.
The duty cycle of the illumination pulse is limited to about 50%. For a 7-in backlight,
assuming the total number of gate lines is 600. If a light guide is divided into ten light
pipes, a single linear light pipe of the backlight will be in charge of 60 lines of the
TFT pixel array correspondingly, and the scanning duration over those lines is about
0.5 msec, which is the acceptable tolerance for the LC response time. [Fig. 1.3] shows
the simple time relation on scans of LC TFT-array cell and LED backlight.

This temporal impulse-driving method in combination with spatial scanning not
only for lowering power consumption but also reducing the image blurs. However, the

spatial-temporal scanning backlight still has certain issues such as light leakage and



the directivity of extraction light, which affect the display of the image. Accordingly,
it is necessary to provide a collimating lighting system which can make it possible to
obtain a narrow angular distribution and effectively reduce the light leakage between
two adjacent light pipes. [12][13]

| RField | GField | BField

' | | 1
Address Flash{Address FlashjAddress
Section| Wait Wait | wafll 15t line
N | | |
[ s I N s I
S \ A \ Last line
~ ) ) )
1 1 1
Section L .] [ El [ 1 ! ” |
N+1 | | |1st line
| | |
L | 1
Ly 1 [ g | [ 'l |
\_ | | Last line
I I

[Fig. 1.3] Timing chartfor.multi-flashing method
1.2 Scanning Backlights Application to.FSC LCD

For the scanning backlights applied to FS€ LCD, there are some particular
concerns and constraints should be noticed. Considering the case of [Fig. 1.4(a)],
because the red light from the LEDs will affect the adjacent region where the
corresponded LEDs are turned off or another color LEDs are turned on at certain
duration, the backlight should be partitioned into several divisions or blocks which are
like light pipes. Each light pipe is isolated so that the LEDs illuminate only the
corresponding field subject to the LC cell. [Fig. 1.4(b)] In addition, each interval
between any two light pipes should not be observed from any viewing angle. Since
the brighter or darker luminance of the shade somewhat has the influence on the
appearance of the display. This requirement means that the certain proportion of light
should leak into the interval or adjacent light pipes in order to eliminate the partition

shade. [12]



partitioned into linear light pipeg?';a-:"' E

- |

(b)
[Fig. 1.4] The results of color image (a) Lightguide without partition. (b) Light guide
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[Table 1.2] Reguirements for the backlight unit

Requirements

Objects

Distribution of the
outcoupled energy

uniform along the
pipe

Leakage to one
distant light pipe

well suppressed

Partition shade
between two
adjacent light pipes

cannot be visible

Direction of

in the normal

. . direction of the
illumination
output surface
Shape of the symmetric arqund
. L the normal axis of
illumination
the output surface
Light efficiency to maximum




1.3 Motivation and Objective of this Thesis

The purpose of this thesis is to study and analyze the concept for the illumination light
pipes applied to FSC LCD backlight. The light pipes using refractive or reflective
micro structures as outcouplers to control the light output direction and distribution.
Actually, reflective micro structures have the better controlling of the direction of
illumination than the refractive micro structures. For convenience, the objectives that
we want to achieve can be identified as [Table 1.2]. The proposed prototype consists
of LED light sources, collimating light bars, and linear light pipes. This collimating
lighting system made it possible to obtain a narrow angular light distribution, and
effectively diminished the occurrence of color dependence in the scanning backlight

for FSC applications.

1.4 Organization of this Thesis

This thesis is organized as following.—previous work and principle of illumination
light pipes in Chapter 2. In Chapter 3;.the simulations of some related paper design
and our modal are presented. The experimental results and discussion are described in
Chapter 4. Finally, the summary of this thesis and future works will be presented in

Chapter 5.



Chapter 2

Principle of lllumination Light Pipe

2.1 Vector Form of ray-tracing equation [14]

2.1.1 Refraction Law
Snell’s law defines the appearance of refraction in the plane of incidence [Fig.
2.1]
nsina=n'sina’ (2.1)
wherenandn'are the indices of refraction of the respective materials,« and« 'are

the angle of incidence and the new angle of propagation respectively.

A

[Fig. 2.1] Representation of Snell’s law in the plane of incidence
Snell’s Law can be derived in the 3D space with the help of [Fig. 2.2].
Vector S represents the incident ray with the magnitude n, and vector S 'represents the
refracted ray with the magnitude n’. Therefore, the equation (2.1) may be rewritten as
|S|sina=|S'|sina' (2.2)
The relationship between the incident refraction vector S ‘and the incident vector S is
given by
S'=S-A (2.2)
where A is the vector normal to the refractive surface with the unity vectorr . The

magnitude of A can be derived by



|A|=T
=|S'|cosa'—|S|cos

=n'cosa'-ncosa

(2 cosa)? - (1) +1] V>~ ncosa
n n

n Sef n S.r
=Nz ) — () + 12 —n—— (2.3)
n“[SEr n |S ||
The vectorial form of refraction is given by
S'=S+T.r (2.4)

[Fig. 2.2] Derivation'of the'vectorial law of refraction
2.1.2 Reflection Law
In the plane of incidence, the deviation of optical rays due to reflection is
defined by
sing=-sina’ (2.5)
where « and « " are the angle of incidence and reflected ray, respectively. From the
above equation, it can be concluded that
a=—-a' (2.6)
The reflection law can be derived in the 3D space with the help of [Fig. 2.3].
Vector S represents the incident ray and vector S represents the reflected ray.

Therefore, the equation (2.1) may be rewritten as



S'=S-2A (2.7)
where A is the vector normal to the reflective surface with the unity vectorr . The
magnitude of A can be derived by

| Al=S-F (2.8)
The vectorial form of reflection is given by

(2.7)

[Fig. 2.3] Derivation of the vectorial:law of reflection

2.2 Fresnel Reflection
2.2.1 Reflection Coefficients
For the P (parallel to the plane of incidence) and S (perpendicular to the plane

of incidence) polarization waves, the amplitude reflection coefficients are given by

n, cosa, —N, COS &
r,=—* z 2 - (2.8)
n, cosa, + N, COSa,
n, cos ¢, — N, COS .
r,=— == 2 (2.9

n, cosa, + N, cosa,

where n, and n, are the indices of refraction of the respective materials, ;, and ¢, are the
angle of incidence and the angle of propagation respectively.

The reflectance and transmittance for polarized light are defined as

2
R, =r? (2.12)



T,=1-R, (2.12)
T, =1-R, (2.13)
When the light is unpolarized, the reflectance R and transmittance T are defined as the

average of the polarized case

R, +R,
R=—F (2.14)
2
T, +T
T= p2 (2.15)

[Fig. 2.4] Fresnel reflection/refraction

2.2.2 Typical Reflectance of Dielectric Media

In multiple reflections case, it should be considered that the Fresnel reflection
has essential influence on total efficiency of the illumination light pipes. The
transmittance and reflectance curves of polarized and unpolarized light for dielectric
materials under this two conditions (1)n, =1.0,n,=15(2)n, =15,n,=1.0 are
shown in [Fig. 2.5] and [Fig. 2.6], respectively.
there is a critical angle ¢, for the case in [Fig. 2.6] .When the angle of incidence is
greater than ¢, light is loss less reflected by total internal reflection (TIR).The critical
angle is given by

o, =sin(2) (2.16)

n

11
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[Fig. 2.5] Transmittance and Reflectance forn, =1.0, andn, =1.5.
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[Fig. 2.6] Transmittance and Reflectance forn, =1.5, andn, =1.0.

2.2.3 Typical Reflectance of Metal
In general, when the light pipe is coated by a certain metal, we should take into
account the light that is absorbed by the material. It can be critical losses while the

light is guided by multiple metallic reflections. The reflectance curves of unpolarized

12



light for gold (Au), aluminum (Al), and silver (Ag) under this two conditions
(1)n,=1.0(2)n, =1.5 are shown in [Fig. 2.7] and [Fig. 2.8]. At the wavelength of

652nm, the complex refractive indices of these material aren,, =0.166+3.15i,

0.95} Ag
Au

Al

0.85f

Reflectance

0.75¢

0.7 1 1 1 1 L L 1 1
0 10 20 30 40 50 60 70 80 90

n, =1.39+7.65i, andn,, =0.140 +4.15i .

[Fig. 2.7] Reflectance of Au; Al, and Ag forn, =1.0

1
0.95} Ag :
Au
0.9} .
(B}
(&)
S
0.85 .
S Al
(3}
=
[}
T o8} :
0.75} :
Angle of incidence
0.7 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90

Angle of incidence
[Fig. 2.8] Reflectance of Au, Al, and Ag forn, =1.5
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2.2.4 Reflectance of the Pipe-Air-Metal Interface

Considering the illumination light pipe surrounded by a reflector, the lost light
might be redirected to the desired direction and the proportion of reflected light can be
calculated. The diagram is depicted in [Fig. 2.9]. At wavelength of 652nm, The

refraction indices of Al reflector and light pipe aren, =1.39+7.65i and n =1.5

correspondingly. Assuming the calculated parameters are as follows: the angle of

incidence ¢, , the angle of refraction«,, and several reflectance and transmittances.
The total reflected energy is the sum of contribution of each inter-reflectionR, .

i=0: R,=R,(x)

I=1: R =T,()Rs(x) T, ()

=20 Ry =T,(0)Res(2,)*Ro1 () Rog(a1,) Ty (1)

i=3: R, =Tu(a)Ru(@)sRi(,)’ Rys () Ty () (2.17)
The total reflected energy is defined as

Rtot =ZRi

=Ry, () + T () Ros ()T, ()1 + Ry (1) * R () + Ry (az)2° 23 (052)2 +...]

Ty (1)*Rys () T (a1,) (2.18)

=R, () +

1- Ry (@) Rys(a,)

[Fig. 2.9] Parameters of the pipe-reflector configuration

The relation between the reflected energy and the angle of incidence is shown in [Fig.
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2.10]. Undoubtedly, when ¢, > e, there has TIR phenomenon.

1

0.95f

0.91

0.85f

Reflectance

0.8

0.75} .

070 20 30 a0 50 60 70 80 90
Angle of incidence
[Fig. 2.10] Reflectance.of the pipe surrounded by an Al reflector
From the [Fig. 2.9] and equation.(2.18), the absorbed energy or the angle of ray
reaching the reflector do not affected-by-the-air gap d, but the air gap d should be

larger than the penetration depth o of the evanescent light to avoid any losses by

tunneling effect. The penetration depth is given by

S A

27\n?sin’ o, —n?

(2.19)

2.3 Radiometry and Photometry Quantities
2.3.1 Radiometry

Radiometry is the science of measuring light in any portion of the
electromagnetic spectrum. In practice, the term is usually limited to the measurement
of infrared, visible, and ultraviolet light using optical instruments. The fundamental

radiometric quantities are shown in [Table 2.1].
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[Table 2.1] Energy-based Units

Quantity Symbol Definition Tvpical Units
Radiant Energy Q joule
Radiant Energy Density | u dQ/dv joule/m?
Radiant Flux (Power) @ (P) d(y/dt wait
Radiant Exitance M d@/dA watt/m?
Irradiance E dfldA watt/m’
Radiance L & pldAd O watt/m" (/sr)
Radiant Intensity I d@/dAdg watt/sr

From this table, there are some key points should be emphasized

¢ Qs the radiant energy of a collection of photons (as in a laser pulse); the energy

of a single of a single photon ishy .

¢ M pertains to radiation leaving a surface; E pertains to radiation incident on a

surface.

¢ dA is the area element, dAy projected onto-a-plane L to the light of sight [Fig.

2.11]

dA ” \0

|_| Lie—dA =dAcosd

[Fig. 2.11] schematic diagram of projection area

For example, there is a small extended lambertian source with the area dA and source
radiance L, ( L, is independent of direction.). The irradiance dE, of the detected

area dA, on the illumination screen is derived from
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d*®,

A dPo, =(—2)dA ,dO
d (dAngQS) As,i S
d
dZCDd = Lsd'%,J_ (%)
4’0, = L dA, cos8dA, cosé
d ™ 2
/
Screen (2 0405 9
o2, = =0AC0S 0 (2.20)
z

[Fig. 2.12] Simple radiometry problem

as shown in [Fig. 2.12], where z is the normal distance from source to screen, and r is
equal toz/cos@. The equation (2.20) shows thecos® & law, which is conventionally
stated: For a small extended source, the irradiance on a flat surface is direct
proportional to quartics of cosé. In the above discussion, no mention has been made
of the spectral characteristics of theradiation.: However, every source has its own
radiation spectral distribution. The spectral radiometric quantities can be obtained by
differentiating any of the Energy-based units with respect to spectral quantity (4,v,
or hv).
2.3.2 Photometry

Photometry is the science of measuring visible light in units that are weighted
according to the sensitivity of the human eye. It is a quantitative science based on a
statistical model of the human visual response to radiation -- that is, our perception of
light -- under carefully controlled conditions. The basic photometric unit of radiant
power is lumen, which is defined as a luminous flux emitted into a solid of one
steradian by a point source whose intensity is 1/60 of that of 1 cm?of a blackbody at
the solidification temperature of platinum (2042 K). From the lumen definition, it can
be determined that one watt of radiant energy at the wavelength of maximum visual
sensitivity (0.555 zm) is equal to 680 lumens. Therefore, the luminous flux emitted

by a source with a radiant flux @, (1) is given by
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®, =680[V, (1)@, (1)dA (2.21)

where theV, (1) is the visual response function which is depicted in [Fig. 2.13].

0.8

T

VA (ﬂ) 0-6 L
0.4 -—

0.2+

0.0 L -~ ..
400 500 600 700

[Fig. 2.13] Human visual response function
The terminology of photometry has.grown through engineering usage, and is thus far
from orderly. Special terms have derived from special usages, and many such terms

have survived. A tabulation of photometric units is given in [Table 2.2].

[Table 2:2] Photometric Quantities

Quantity Symbol Definition Typical Units
Luminous Energy Q, Im - s =talbot
Luminous Density u, dQ,/dv Im - s/m8
Luminous Flux P, dQ,/dt lumen (Im)

Luminous Exitance M, do /dA Im/m2 = lux (Ix)

Illuminance E, do /dA Ix

Luminance (Brightness) | L, do /dAdQ Im/m2(/sr) = nit(nt),
Im/ft? = footcandle

Luminous Intensity I, do /dQ Im/m(/sr) = candela(cd)

2.4 The Light Pipe Concept

The light pipe’s function consists in transforming a quasi-point light source
such as LED into an extended surface light source. When light is guided inside the
pipe with total internal reflection (TIR), it may encounter the outcoupling zones
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which are arranged at the pipe surface so that a part of light is extracted out from the
pipe. The outcoupled lighting distribution can be controlled by choosing the size and
shape of the pipe and the spatial distribution of the outcouplers along the pipe. The
configurations of the pipes could be the linear light pipe, the circular light pipe, or the

plate light pipe, depending on the required optical function. [Fig. 2.14]

(a)
[Fig. 2.14] (a) Linear light pipe. (b):Circular light pipe. (c) Plate light pipe.

The next sections discuss and describe the influences of the shape of the pipe
cross section and the type of outcouplers-on-the angular spectrum and the lighting

distribution of illumination rays.

Reflective coating

VAT

[Fig. 2.15] Discontinuous variable cross-section light pipe
2.4.1 Variable Cross Section Light Pipe
The variation of the cross section can simply be classified into continuous or

discontinuous cross-section light pipe. For the discontinuous case shown in [Fig.

2.15], the amount of 1., flux coupled out from the | +1" section of the pipe is given

i+1
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as

i+l

I :%ﬂh (2.22)

where 1. is the guided flux at thei" section of the pipe, andd andd_,are the sizes of

i+1
the respective cross-sections. The locally outcoupled flux is then defined as

h—hﬂ=ha—%f) (2.23)

On the other side, the propagation angle ¢, of the guided rays in continuous type
such as the wedge light pipe is changed at each intersection with the oblique face.
When the propagation angle is smaller then the critical angle o, , the guided rays that
do not obey the total internal reflection law will be extracted out. As shown in the
[Fig. 2.16], assuming the A line represents the ideal reflection surface, B line and C
line represent the equivalent output surface of the.light pipe and the ray for different

illuminated angle correspondingly.. The general equations for the B and C line are

derived as
By =[tan(2a,-1)Ix
C:y,—y=(x=x,)tanx
where the lambertian light source located at the position (x,, Y,), and o ,and « are the

(2.24)

slope angle of the pipe surface and the angle of ray incident into the light pipe

respectively. From the equation (2.24), the x, y values can be given as

Y = Yo+ X, lana
tan o +[tan(2c,«i)] (2.25)
Y=Y, —(X=X)tan

for a specific angle o, there will has a corresponding number i .Therefore, the

equivalent light output position x'is calculated by

X' =X +y? (2.26)

x'is the actually location of the x axis. The analysis for the rays illuminate to the

upper half region is the same as the above consideration.

20



i=4 i—5

[Fig. 2.16] The equivalent modal for the light propagate in the wedge light pipe

[Fig. 2.17] Example of refractive outcoupling case.
2.4.2 Refractive and Reflective Outcouplers
The objective that the refractive or reflective outcouplers are discontinuously
arranged along the pipe surface is to redirect and redistribute the propagated light into
illumination light partially. For the refractive case, as shown in [Fig. 2.17], the

outcoupling angle g is calculated from the Snell’s law as
ﬂ:sinl[%sin(a— o)+ p (2.27)
1

where o is the incident angle, pis the inclination of the refractive surface,n,is the
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refractive index of the media surrounding the pipe, and n, is the refractive index of the
pipe. The equation (2.27) reveals the outcoupling angle £ is the function of inclination
of the refractive surface p and the incident angle« . [Fig. 2.18] shows the relation

among these parameters. In this figure, the material of the pipe is pmma (n, =1.49)
and the environment is air (n, =1.0). The angle of incidenta from 47.8° to 90°

which can propagate inside the light pipe corresponding to the gray region. It is quite
obvious that most of the outcoupled rays depart from the pipe at the large angles. This

is not practical for illumination requirement which usually want to illuminate normal

150 p=60
- p=30_[7
= 100} p=0 [ //// ]
Py
%D 50 -
2
=
S . =90
£ /s _75
S /L ] PT
o)
-50 p =45 .
'0=15

-40 20 0 20 40 60 80 100 120
Angle of incidencea [deg]

[Fig. 2.18] Outcoupling angles achieved by refraction for different orientations

As for the refractive case, the reflective outcouplers are also discontinuously
arranged along the pipe surface which deviate the direction of the guided rays and
then turn into illuminated rays. As illustrated in [Fig. 2.19], the reflective micro prism
can be selectively coated micro-prisms or the TIR micro-prism. The relation between

the outcoupling angle g, the prism orientation o, and the angle of the incident

rays « is determined by
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Y =sin‘1[%sin(—a+2p)] (2.28)

1

For the case where n1=1.0,n2=1.49 (pmma) in the graph of [Fig. 2.20], the gray

region corresponds to the rays guided in the pipe by TIR. In this figure, for a given
angle of incident« , any extracting direction 5 can be selected by choosing the right

prism orientation o .

,» Metallic coating

Py

Outcoupling angle 8 [deg|

0 20 40 60 80
Angle of incidencea [deg]

[Fig. 2.20] Outcoupling angles achieved by reflection for different orientations
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Chapter 3

Simulations and Discussions

3.1 Introduction

Based on the principle in chapter 2, the simulation model for the light pipe applied
to FSC LCD backlight was established. First of all, the component parts used in the
simulated backlight should be clearly described and defined. Besides, we should
notice that the different kind of out coupler will result in there own light distribution.
Therefore, the briefly discussion for different kind of out coupler will be given. After

that, our solution for this kind backlight light system was designed and optimized.

3.2 Simulation Tool

The optical simulation tool" Tracepro™, developed by Lambda Research
Corporation was used to optimize. the.FSC-LCD: backlight system and simulate its

angular distribution as well as uniformityion output surface of the backlight.

X-Y plane
. Y-Z plane

/ \ ———

Linear light pipe Light-collimating bar

[Fig 3.1] Schematic diagram of the proposed backlight system

3.3 Simulation Modal of FSC LCD Backlight System
The prototype of the FSC LCD backlight system consists of three main parts as
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shown in [Fig 3.1]:
1. 60 packages of 3-in-1 full color LEDs used as the light sources. The angular

distribution of the LEDs was set for simulation as a lambertian illumination.
The dominating wavelengths of A; =622nm, A; =527nm, and A; =470nm
for the red, green, and blue chips was set correspondingly and the chromaticity
of these three colors are (x,y) = (0.7362, 0.2634), (0.1656, 0.7406), (0.1453,
0.0597), respectively, that resulting in a color gamut lager than 1209 of the
NTSC (National Television Standards Committee) standard.

2. Two light-collimating bars (120.5mmx2.5mmx3mm) were attached between
LED light sources and the light guide plate to reduce the X-Z planar
divergence of incident light. This enhances the coupling ratio from source to
pipe. Besides, the light-collimating “bar was expected to diminish the
unevenness distribution of the light intensity near the light source. [Fig. 3.2]

3. Ten linear light pipes (12mmx160mmx3mm) with micro-groove structures
over the bottom that control the direction ‘of the light extraction on the Y-Z
plane as well as the color uniformity along the pipe direction. The metallic
coating Au on the bottom of the pipes was defined by its complex refractive
index, which was wavelength dependent. The light leakage was controlled by
the total internal reflection of the sidewalls of the light pipe. Consequently,
each field could represent color without inter-field erroneous color mixture.

During the ray-tracing process, the detector was placed at the position where the
analysis of the spatial and angular distribution of the illuminating light served for the
evaluation of the design performance. For convenience, we made a table of the

specification of the desired prototype FSC LCD, which is shown in [Table 3.1]
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[Fig 3.2] The repartition of the flux at different positions inside the clear light pipe
The refractive index of 1.49 for light pipes was set, which is the same as PMMA. It
can be observed that there exists a non-uniformity of light distribution at the
proximity to the source, i.e. z =2mm. Afterward the distribution of the flux becomes
uniform through Z>5mm.

[Table 3.1] The specificationof the proposed FSC LCD

7-inch diagonal
Active area | Aspect ratio 4:3
800(H) x 600(V) pixels

1. 60 packages of 3-in-1 LEDs
Structure 2. Two light-collimating bars

3. Ten linear functional light pipes

Colors Field sequential color method

60 frames/sec, 180 fields/sec

Refresh
R, G, B fields
1. Suppressing the light leakage of less 10%
- ; . 0
e The emergent light with half angle 30

The uniformity and efficiency reach to
80% and 70% respectively.
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3.4 The Determination for the Type of the Micro Structure

In order to present the color correctly, the angular distribution of the out-coupled
rays must be well controlled for the FSC LCD backlight. In other words, the light
reflected by the out-coupler should have the character of high directivity and should
be normal to the output surface. As discussion in chapter 2.4.2, the reflective out
coupler seems the better candidate than the refractive type. According to the reference,
[12] it also shows that the micro groove is much suitable then the bump or hole-type
micro-reflector owing to the micro-reflector will lead to the wider angular distribution
as the result depicted in [Fig 3.3]. Recently, some literatures brought up advanced
micro structures named double prisms, [15] to narrow the light distribution further
with no brightness enhance film or diffuser. [Fig 3.4] However, considering the cost

o
groove structures fabricated by dia ._Pm{’ja@
o '\-""“":; . .

m |
= 3
T

(@) (b)

[Fig 3.3] (a) Angular light distribution measured on a bare linear light guide with

uniformly positioned micro-prisms on the front and gradationally positioned
micro-prisms on the rear. (b) Angular light distribution on a bare linear light guide

with micro-reflector array on the rear.
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[Fig 3.4] The all radiated light from double prism (Model is the radiated light from

the sub prism and Mode?2 is the radiated light from the main prism).

Besides, although the wedge-type light pipe has higher light efficiency than the
linear light pipe, the direction of most illuminating rays deviates from the normal of
the output surface. Those out-coupled rays-leaved the pipe at grazing angle are not
practical for most applications. Therefore, the external correction plate such as a TIR

prism sheet should be combined with the pipe. [Fig. 3.5] [16]

Micro

Defleaod VIR prism
Reflector -

[Fig. 3.5] The wedge-type light pipe needs the TIR prism sheet to modify the

illumination light.
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3.5 Optimization of FSC LCD Backlight System
3.5.1 Optimization of the light-collimating bars

In this section, all of the work is done by my cooperator Cho-Chih Chen. As
mentioned before, the light-collimating bar was used to reduce the X-Z plane
divergence of the LED. To do such function, there are several different kinds of
micro-structures were built on the out-coupling side of the bar and they can be

classified into three types of zones, as shown in [Fig 3.6].

, ‘*::‘-\ AANT
3% _
L _:

Pt ik
o, T e

4mm V|

[Fig 3.6] The zones of light-collimating bar:-@ The transmitting zone corresponded
to the light source which had an incident'angle approximately within £15°. @ The
blaze zone where saw-toothed shapes were formed was defined as the area within the
incident light with angles larger than 15° but smaller than about 30°. 3® The prism
zone with isosceles triangular prism pattern was utilized to refract the light with
angles larger than 30°. This zone was illuminated not only by the corresponding LED

but also by adjacent LED.
The angular distribution of the extraction light from the light-collimating bar was

shown in [Fig 3.7]. According to this result, the light-collimating bar remarkably

reduced the X-Z plane divergence of the incident light.
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Rectangular Candela Distribution Plot
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[Fig 3.7] The angular distribution of the extraction light from light-collimating bar.

3.5.2 Optimization of the linear light pipe

After establishing the modal of light-collimating bar, the distribution of the light
from the bar’s out-coupling surface had been obtained already and it can be treated as
the new light source at this time for, the following simulation. The related parameters
of the micro grooves over the bottom of the-linear light pipe should be clearly defined
first. As shown in [Fig 3.8],:the parameters of the groove structure include the
orientation of the groove orientation o, groove pitch p , groove depthd , and groove
width along the Z-axiswz , along the X-axiswx . In fact, the groove orientation affects
the angular distribution of the illuminated rays while the groove width and pitch

determine the illumination uniformity.

[Fig 3.8] The parameters of the micro-groove structure
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Determining the grooves angle p
by observing the corresponded
angular distribution

Fixing the groove width wx first
and linearly decreasing the groove
pitch p, where the decreasing ratio
=Ppia/pican be determined.

An Gaussian function was
introduced to adjust groove width
WX

Adjusting the
decreasing
ratio or the
groove width

Verifly the uniformity
along the Light pipe

End |

[Fig 3.9] The optimization flowchart

The optimization flowchart is depicted in [Fig.3.9]. First, the desired direction of
the out-coupled rays could be modified by choosing-a proper groove orientation. The
simulation in this part was simply carried-out under a uniform distribution of the
micro grooves due to the grooves arrangement does not influence the directionality.
From the discussion in chapter 2.4.2, the relation about the out-coupled angle 5 and
the prism orientation p was depicted in [Fig 2.20] where the gray region corresponds
to the rays guided in the pipe by TIR. The line represented the out-coupled
angle B =0"intersects to the curves of the prism orientation at p =30%and p = 45°.
Accordingly, the angular distribution simulated under the various groove orientations
between p=30°and p=45". The result was shown in [Fig 3.10]. The angular
distribution at groove angle p=43°had the narrowest divergent angle of about
+30%°and symmetry to the normal of output surface compared with other angles. It
implied that a tolerance of +2°around the optimal groove orientation was acceptable
and the requirement could be achieved by most of the fabrication process. However,

the orientation has a little different from the analytical solution. Considering the
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average direction of propagation has value of  =68°, the calculated value of the

groove angle was p =34.5°.

1.0 |- .’-,:..\ a

\ —a—43°

ol I\
A

04 | //_ '\.\

o

Normalized intensity (cd)

02 | ';f A\

00| oF =

100 80 60 40 -20 O 20 40 60 80 100
Angle (degree)

[Fig 3.10] The angular distribution simulated under the various groove orientations

After choosing the proper groove’s angle, the uniformity and efficiency should
be enhanced with the optimized micro groove distribution. There were two encoding
schemes, as illustrated in [Fig 3:11], to be-considered. The first approach keeps all the
size of the micro groove and modulates.the groove spatial frequency along the Z-axis.
The other method tends to keep the groove spatial frequency constant and to vary the
groove widths along the X-axis and Z-axis. Naturally, the spatial frequency and the
groove dimension could be changed simultaneously for the generation of more
complex lighting distribution. In this place, the first approach was taken into account
for the initial optimization, and then the grooves width wz along the Z-axis modulated

according to the Gaussian function will be discussed.

(@)

] T

(b)

[Fig 3.11] Encoding schemes of (a) modulating frequency and (b) varying groove size
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Near-field effect

‘ N U/ |/

The illuminating cones produced by each groove

[Fig 3.12] Near-field discontinuities
However, here an indicative criterion should be considered that the maximal

groove depth d.. must smaller than the height of the pipe twenty times at least to

diminish the visible groove pitches.

< The height of the pipe

dmax
20

3.1)

The smaller groove width also allows producing a smoother illumination distribution.
In other words, it can prevent the perturbation tn-uniformity because of the near-field
discontinuities shown in [Fig 3.12]. The initial .value of the groove widthwz was
chosen as10um, which is capable forithe diamond turning fabrication.

By means of the linear decreasing of-the groove pitch, the corresponding
decreasing ratio for uniformity of higher than 80% for a single pipe was then found.
In this optimization process, the groove pitch was varied from 155 to 200y m and
the decreasing ratio of 0.9995was determined, where the decreasing ratio was
defined as p,/ p,,,(p, was the pitch between i, groove to (i+1), groove). As the
result depicted in [Fig 3.13], the illumination at the regions marked by the dot line
still lower than the other portion and should be improved further.

In order to enhance the illumination at some regions mentioned above and achieve
higher uniformity, a Gaussian function was introduced to modulate the grooves

width wz along the Z-axis.
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[Fig 3.13] IHlumination map of light guide plates with a single division lit up

The Gaussian function is defined as

Gau(z) = Aexp[—% (3.2)

where z, and A are the average position and deviation of the Gaussian wave

packet respectively, z could be any pointalong the Z-axis and A means the
weighting. The [Fig 3.14] shows two Gaussian wave packets symmetrically arranged
and connected at z, =80mm (the center. point of the pipe). The groove width wz
varied from 10.3um to 10.7um, which based on the Gaussian distribution with

A=107, A=20,and z,=45mm and 115mm.
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[Fig 3.14] The relation between the groove width and the Z-axis position
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[Fig 3.15] Ilumination map of light guide plates with a single division lit up
According to the optimized groove width distribution shown in [Fig 3.14], the

simulation result was revealed in [Fig 3.15]. As seen in the figure, the uniformity was
indeed improved by the Gaussian function distribution and the angular distribution
depicted in [Fig 3.16] is almost the'same as that'in:fixed groove width. The uniformity
of higher than 85% and the divergent angle.of the extracted light less than +31° on
the x-z plane were achieved. In addition,-the-light leakage from each pipe of light
guide to adjacent divisions merely -accounted  for 3.6%, shown in [Fig 3.17].
However, the total optical efficiency attained only to 60%.

Rectangular Candela Distribution Plot
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[Fig 3.16] Rectangular candela distribution plot for divergence of light extraction on
the x-y and y-z plane, respectively.
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[Fig 3.17] Hllumination map of light guide plates with a single division lit up

3.6 Summary

A spatial-temporal scanning backlight for field-sequential-color display system
was designed and simulated. The optimal directivity of extraction light occurred in the
prism orientation p adapted as 43°, meanwhile, the divergent angle of the
extracted light less than +31° on.the x-z plane were achieved. The color dependence
can be considerably diminished in'the sequentially driven backlight scheme. The
uniformity of higher than 85% was-achieved and the light leakage was well
suppressed to 3.6%. However, the optical efficiency still has a space to be further

improved afterward.
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Chapter 4

Experimental Results and Discussions

4.1 Introduction

The field-sequential color backlight system shown in [Fig 4.1] was demenstrated
using the light sources of 60 packages of R, G, B, 3-in-1 LEDs. The optimized light
pipes with the micro-groove structures arranged on the bottom were fabricated by the
diamond knife micro-machining technology. In this chapter, the optical characteristics
of the backlight module and the light pipe will be introduced and discussed. In the
first part, the integrating sphere was utilized to measure the optical property of the
3-in-1 LED. After that, the fabricated'microtgroove structures were examined with
the optical microscope and the:alpha step..In addition, the Conoscope detected the
collimating degree of the illuminating light from the light pipe output surface. Finally,
the light leakage from the single lit up light pipe to adjacent light pipe and the

uniformity of the whole panel were captured by the CCD camera.

§
.
(o}
2

[Fig. 4.1] FSC LCD backlight system
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4.2 Light Source Properties

The three packages of LEDs at each end of the linear functional light pipe were
used, i.e., one pipe corresponds to six packages. One single package contains a red,
green, and blue chip. In the experiment, the chromaticity of the R, G, B LEDs are (X, y)
= (0.7362, 0.2634), (0.1656, 0.7406), (0.1453, 0.0597), respectively, that results in a
color gamut greater then 1209 of the NTSC (National Television Standard
Committee) standard. Owing to the color representation of the FSC LCD directly
depends on the characters of the light source, i.e. LED, the FSC display usually have
better color saturation then the traditional display using the white light source.

In fact, the angular distribution of the LED, shown in [Fig 4.2], has the great
influence on the uniformity as well as the angular distribution of the backlight system.
The blue and red light angular distributions seem have a little asymmetric and wider

than the lamebrain type that owing to the package design of the LED.

T T T T T T T 1
-100 -80 -60 -40 -20 0 20 40 B0 a0 100
(b) Degress
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[Fig. 4.2] Angular distribution of the 3-in-1 LED (a) Red (b) Green (c) Blue light
4.3 Micro-groove profiles

The micro-groove structures were manufactured by the diamond knife
micro-machining technology supported by the Industrial Technology Research
Institute (ITRI). [Fig. 4.3] depicts the micro-groove profiles measured under the

optical microscope. The profiles can 'be" bbse'r'\"/ed._a little rough and uneven in surfaces
where were coated with a thin=film Au?jThe-:micFQ-grooves have the same vertex

angles of 90° but different pitch size from place to place. However, the rugged on the

surfaces can be ignored when thé,mi"cﬁfr\o-g'rod\)es_,profile without the coating verified

by the alpha step as shown in [Fig 4.4].)

[Fig. 4.3] The micro-groove profiles measured under the optical microscope
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[Fig. 4.4] The micro-groove
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4.4 Optical Performances

For the whole backlight module, including the ten linear light pipes combined
with two light-collimating bars, the optical performances or the optical characters was
measured and discussed. A diffuser film was set on the top of the backlight in order to
smooth the marked impulse of the illuminating light caused by the micro-groove

structure. The angular distribution of the extraction light measured by the Conoscope

is depicted in [Fig. 4.5].
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[Fig 4.5] The angular distribution of the extraction light measured at different
positions on the light guide output surface: (a) Red light (b) Green light (c) Blue light
at center point and (d) Green light at center left point.

The divergent angle of the extraction light for each Red, Green, and Blue color on
the Y-Z plane was —37° ~38° , -36%~40%rand —36° ~ 41°, respectively. If the

reducing ratio for the divergence could be simply deﬁfned as

Divergence of the extraction light

& : )x100%
Divergence of the LED

Redusing ratio = (1—

there was about 40% ~50% reducing.ratio-from the source to output surface and
such high directivity of the extraction light can considerably reduce the occurrence of
color dependence for adjacent portions of the light pipe. This characteristic makes the
design quite suitable for FSC display. For the measured point strayed from the center
point, i.e. the center left point, the whole angular distribution shifted to left side while
the peak value deviated 2° from the center point as shown in [Fig 4.5] (d). This
phenomenon that the angular distribution has a little change with the different position
on the backlight owing to the symmetrical micro structure arranged on the bottom of
each light pipe. Therefore, the measured positions close to left side with the shifted
distribution due to the left side light source. The uniform angular distribution on each
measured point can be obtained by modifying the orientation of the micro structure

varied with the distance to the light source. However, the cost rises rapidly at the
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same time.
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[Fig 4.6] The sixteen points measurement for. the.illumination map of light guide
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plates with a single division lit up:'(a) Red (b) Green (c) Blue light.

In order to receiving the “uniformity--of one-block and the light leakage to
neighboring divisions, a single pipe was'illuminated and captured by the CCD camera.
As the results shown in [Fig 4.6], the light penetrate to the adjacent division was well
suppressed to below the 7% . For the one distance to three distance division, the light
leakage was suppressed to close to zero. There should be no inter-field erroneous
color mixture occurred due to this distant light leakage.

So far, the uniformity of a single pipe or the whole backlight only reaches
t055% ~ 60% . Owing to the sensitivity of the human eye, the uniformity should be
further improved to fulfill the variation of 20% along the light pipe.

4.5 Summary
The fabricated micro-grooves indeed reduce the divergent angular distribution to

a narrow range. There was about 40% ~50% reducing ratio from the light source to
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illumination surface. Such high directivity of the extraction light can avoid the
occurrence of color dependence for adjacent portions of the light pipe. Therefore, the
light penetrate to the adjacent division was well suppressed to below the 7% .
However, the measured uniformity is not in conformity with the simulation result due
to the simplified assumption of the light source, which can be further improved by

means of the proper optimization.
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Chapter 5

Conclusions & Future Works

Owing to the several advantages such as light weight, power saving and thin
volume, the liquid crystal displays (LCDs) turned into more and more popular and has
great influence in flat panel displays (FPDs). In the meantime, the image quality of
LCD is the critical issue to be extensively discussed by globular researchers and the
field sequential color method is expected to be key technology and shall play an
important role in the future.

In this study, a prototype of the spatial and temporal scanning backlight system
with a 7-inch diagonal size had .been accomplished and measured. The developed
module was shown in [Fig4.1]:= The 3-in-1 LLEDs with red, green, blue colors were
utilized to generate color fields sequentially-in-scanning process. The constraint on the
light control for each division in seanning.backlight was different from that for the
ordinary color-filter-type liquid crystal displays. The whole light guide plate consisted
of two light-collimating bars and ten functional linear light pipes. Accordingly, the
control of light leakage was based on the total internal reflection of the sidewalls of
the light pipe. This might resulted in some brighter or darker than the average
luminance between two divisions. However, by using the leaked-light emergent from
the light pipe and mounting the optical film, the boundary could become more
smoothly. The micro-groove structures fabricated by the diamond turning technique
and arranged on the bottom of the light pipe were applied to utilize the light energy
more efficiently and control the angular distribution of the illuminating light as well
as the uniformity along the pipe direction.

In simulation, the functional light pipe was designed and optimized by varying
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the micro-groove structures and distribution, including the groove angle, groove width
and pitch. The optimized groove angle of 43° with the tolerance of +2° had the
most narrow divergence angle of +31°. The groove pitch varying from 155um to
200umand the groove width varied from 10.3um to 10.7um in according to the
Gaussian distribution. In addition, the uniformity for a single pipe or the whole
backlight of 85% was achieved while the light penetrated to the neighboring pipe
could be restricted to 5%.

In the experiment, the Conoscope and the CCD camera were utilized to measure
the optical performances of the FSC backlight system. The result shown the angular
divergence of +38°, i.e. reducing ratio of 40% ~ 50% from the source to output part,
could be reached. The light leakage to the adjacent division was well suppressed to
below the 7% . For the one distance to three distance division, the light leakage was
suppressed to close to zero. Accordingly, there shoeuld be no inter-field erroneous
color mixture occurred due to this-distant-light leakage. However, due to the
simplified assumption of the light seurce, the-uniformity of a single pipe or the whole
backlight of only 55% ~ 60% could be attained, which can be further improved by
the proper optimization.

In the future, in addition to improve the optical performance of the spatial and
temporal scanning backlight system, a complete field sequential color display can be
realized by combining the backlight with a optically compensated bend (OCB) mode
liquid crystal panel which has fast switching time between gray to gray transfer.
Accordingly, the influence of the gap between two divisions and inter-field erroneous
color mixture can be judged and some image performances such as motion blur and

color breakup can be measured.
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