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Student: Ching-Wen Wei  Advisor: Dr. Yi-Pai Huang

Institute of Electro-Optical Engineering
National Chiao Tung University

Abstract

Currently, stereoscopic displays are widely utilized for entertainment.
Nevertheless, 2D multiplexed auto-stereoscopic displays are popular because of
multi-view and without wearing eyeglasses, including spatial-multiplexed displays
and temporal-multiplexed displays. However, spatial-multiplexed displays present
low resolution 3D images and temporal-multiplexed displays produce limited number
of views because of LC response time. Therefore, a four-directional temporal
backlight was proposed to produce:four viewing zones sequentially, including a
sequential LED plate, a cylindrical lens, a dual directional prism, and a diffuser. Then,
by adding a 240Hz LCD and a multi-views parallax barrier in front of the proposed
backlight, a spatial-temporal hybrid 3D display was demonstrated for large panels with

wide viewing angle, multi-view, acceptable 3D resolution and light efficiency.
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Chapter 1

Introduction

1.1 Preface

Nowadays, display developments are pursued through needing more natural
images. Images containing three-dimensional coordinate information are necessary for
humans to perceive real life images. In Fig. 1-1, 3D displays, including stereoscopic

displays and auto-stereoscopic displays, are the next generation in display technology.

Fig. 1-1 Stereoscopic display and auto-stereoscopic display [1].

The binocular parallax phenomenon and the motion parallax phenomenon cause
stereoscopic visions in real life [2]. The binocular parallax phenomenon is that when
an observer sees an object, the observer’s two eyes receive different 2D images. Then,

the brain combines two 2D images to produce stereoscopic visions, as shown in Fig.
1



1-2. 3D displays utilize the binocular parallax phenomenon to produce the perceived
depth defined in Fig. 1-3. A 3D display producing deep perceived depth presents

obvious stereoscopic visions.

3D display |

3Dimage

Left eye 2D image : ‘ i . Right eye 2D image

Fig. 1-2 Binocular parallax phe"nomenon.

Behind display In front of display

m
<>
m
<>

| Display
7 P: perceived depth 7
P = —=—— |z viewing distance | P = —w=——
E _ : E
—— — 1 | E:eye separation — 4+ 1
|D| D: screen disparity | |

Fig. 1-3 Definition of perceived depth behind and in front of a display.
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The motion parallax phenomenon means that when an observer sees an object
from different directions, the observer perceives different images continuously.
Multi-view 3D displays can produce the motion parallax phenomenon, as shown in

Fig. 1-4. A 3D display producing a lot of views presents lifelike 3D images.

Multi-view 3D display

o™
%

O

s ©®
5
O \

Fig. 1-4 Motion parallax phenomenon.

0o (3

1.2 Classification of 3D Displays

3D displays include stereoscopic displays and auto-stereoscopic displays. The
3D display classification is shown in Fig. 1-5. Stereoscopic displays include shutter
eyeglasses 3D displays and polarized eyeglasses 3D displays. Currently, stereoscopic
displays are widely used in cinemas because many people can perceive the same 3D
movies simultaneously by wearing eyeglasses. However, wearing eyeglasses and the
motion parallax phenomenon are drawbacks in stereoscopic displays. Therefore,

auto-stereoscopic displays were developed to introduce 3D techniques into daily life

3



[3], including Holographic 3D displays and 2D-multiplexed 3D displays. But
Holographic 3D displays have color distortion and large recording data requirements
in 3D movies. Consequently, 2D-multiplexed 3D displays are attractive because of

multi-view, not required eyeglasses, and ease of fabrication.

7
/
/
4

Shutter eyeglasses
3D displays

_ Stereoscopic displays
(with eyeglasses)

Polarized eyeglasses
3D displays A
|

3D displays — S i = :
| Auto-stereoscopic displays
(withouteyeglasses) = -
P Holographic ( _ \
A£73D displays Spatial-
multiplexed
2D-multiplexed
3D displays Temporal-
multiplexed

Fig. 1-5 Classification of 3D displays.

1.3 Motivation and Objectives

As mentioned in Sec. 1.2, 2D-multiplexed 3D displays, including
spatial-multiplexed 3D displays and temporal-multiplexed 3D displays are popular
now. However, spatial-multiplexed 3D displays present low resolution and low light

efficiency. Temporal-multiplexed 3D displays produce limited number of views and



non-uniform images in large LCDs. Therefore, a spatial-temporal hybrid multi-view
3D display was proposed to solve drawbacks in spatial-multiplexed and

temporal-multiplexed 3D displays.

1.4 Thesis Organization

The thesis is organized as follows: criteria for evaluating 3D displays are defined
in Chapter 2. Configurations and drawbacks of existing 3D displays are also
illustrated. In Chapter 3, structure and design of the proposed 3D display are
presented. After that, simulation results are analyzed in Chapter 4 and experimental
results are discussed in Chapter 5. Finally, conclusions and future works are

presented in Chapter 6.



Chapter 2

Criteria & Prior Multiplexed 3D Displays

This chapter defines the criteria for evaluating 3D displays. Additionally,
configurations, mechanisms, and drawbacks of several representative 3D displays are

reviewed and illustrated.

2.1 Criteria of 3D Displays

3D displays are more complex than 2D displays due to the binocular parallax
phenomenon and the motion parallax, phenomenon. Therefore, some criteria are

defined in this section to evaluate 3D, displays{4].

2.1.1 Crosstalk & Average Crosstalk

Displaying two different 2D images to the left and right eye causes the binocular
parallax phenomenon. However, if the left eye or the right eye receives a wrong image
due to light leakage, the brain is confused while combining two 2D images, and
observers feel fatigue. Therefore, in multi-view 3D displays, crosstalk and average
crosstalk are defined in Fig. 2-1 to evaluate fatigue level. A 3D display with high
crosstalk presents distorted 3D images, as shown in Fig. 2-2. The human can tolerate
crosstalk below 15% ~ 20%. Consequently, reducing light leakage is essential for 3D

displays to present clear 3D images.



[ leakage (R)

Luminance Crosstalk (L) = ——————=x 100%
| peak(L) I peak (L)
. peak(R) Crosstalk (R) = I leakage (L) < 1009
, rossta = Tpeak (R) 0
! Crosstalk (R) + Crosstalk (L
,'l Average crosstalk = (®) > @)
Iy
I Ieakage(R)/ “ | leakage(l) —— Rightviewingwindow
/
‘ Viewingangle - Left VieWingWindOW

Fig. 2-1 Definition of crosstalk and average crosstalk.

[Ideal image without crosstalk] [ Image with crosstalk ]

Fig. 2-2 3D images with and.without crosstalk [5].

2.1.2 Number of Views & Viewing-Zone Uniformity

A view is the range that an observer’s eye can see clear 2D images. The left and
right eye receives two different 2D images when the observer sees a 3D image. So a
3D image contains two views. A multi-view 3D display produces different 3D images
according to the observer’s location, as shown in Fig. 2-3. Therefore, 3D displays
producing large number of views present lifelike 3D images. However, in daily life,
an object perceived from different directions is continuous. Therefore, the
viewing-zone uniformity is defined in Fig. 2-4. If the viewing-zone uniformity is

below 70%, an observer perceives dark images while moving to different locations.



View 3| View 2 View 1

-40 -ZQ'nl' = I L ¢ 20 40
|

. =

Fig_ﬁ_'2-3 4IV|ews3D displ}:lys.

Normalized luminance

—

total(max) —-view 1

-t Vview 2
- view 3

view 4
== total

-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60

',‘~
1
Viewing angle(’) Y L total(min)

Viewing-zone uniformity= L total (min) / L total (max)

Fig. 2-4 Definition of viewing-zone uniformity.




2.1.3 Voxels and 3D Resolution

Display resolution means the number of distinct pixels displayed in an image. In
a fixed size 2D display, an image with large number of pixels presents high resolution
and clear image contents, as shown in Fig. 2-5. Similarly, in 3D displays, the voxel is
a volume of perceived depth produced by a disparity between a left pixel and a right
pixel, as shown in Fig. 2-6. In Fig. 2-7, the large pixel disparity produces deep
perceived depth but low voxel number and low 3D image resolution. Because two
views compose a 3D image, the 2D resolution per view is also a key characteristic in

3D displays. Observers can perceive clear 3D images if the left and right eye receives

high 2D resolution per view.

High resolution image Low resolution image

Fig. 2-5 High and low resolution images.

| Pixels

Perceived depth

Fig. 2-6 Diagram of voxel and perceived depth[6].
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Right eye

Left eye

5 4 3 2 1 01 -2-3-4

Value of image disparity in pixels

Pixel disparity i | , Perceived depth i i , Number ofvoxels@

Fig. 2-7 Relation between pixel disparity, perceived depth, and number of voxels [6].

2.1.4 Light Efficiency: | cle

A display is composed of -several components,-such as a polarizer and a color
filter. However, lights from a backligjht are partly absorbed while passing through
each component, as shown in Fig. 2-8. Therefore, image brightness is much lower

than backlight brightness.

Backlight Module LC Panel
i A \

BL L
$ Control
g_:, N Light Cell Analyzer
e Guide Aperture
CCFL L] . Ratio =6% x 70 Im/w
Polarizer
70 Im/w E 100% 90% C.T)|OI’ 95% =4.2 |m/W
2 70% 60% Filters
lf_h“ X X 45% X © X X 33% X

Optical components

Fig. 2-8 Transmittance of each element in LCD [7].
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A display producing high light efficiency presents bright images for a fixed
power consumption LCD. Because 3D displays have more elements than 2D displays,
maintaining light efficiency to present acceptable image brightness is essential for 3D

displays.

2.1.5 Image Uniformity

Currently, backlights using LEDs are popular due to low power and local
dimming technology. High directional LEDs are also utilized in side-emitted small 3D
displays. However, in side-emission large 3D displays, a pixel distant from LEDs is

less bright. So the image uniformity defined in the following equation is low [8].

Minimum luminance (1~13)

Image uniformity = x100% (2-1)

Average luminance (1~9)

The measuring points of a-backlight are shown in Fig. 2-9. The tolerant image
uniformity for humans is above 80%. Therefore, in designing 3D displays,
direct-emission backlights are preferred to side-emission backlights for directing

lights into different views and maintaining image uniformity.

.101/ 2 113.

/>
4 ><t 6
Pat: : /. X 13\9.

Fig. 2-9 Measuring points for image uniformity.

2.2 Stereoscopic Displays

Stereoscopic displays include shutter eyeglasses 3D displays and polarized

11



eyeglasses 3D displays. Shutter eyeglasses 3D displays contain a 120Hz LCD, a
detector, and shutter eyeglasses [9]. The LCD shows left and right images sequentially
at 120 Hz and the shutter eyeglasses switches on and off correspondingly. So the left
and right eye receives different 2D images sequentially and the observer perceives

stereoscopic effects, as shown in Fig. 2-10.

LCD image content Left eye Right eye Left eye Right eye
i image image

Time (s T:i 2O %
i HebE U e
Y1207 2/12@ 3/120

Fig. 2-10 Diagramiof s"'u'tfé‘r'éyeglééses 3D displays.

/ <--> Polarized image 1
<—> Polarized image 2

Screen

\f\iti‘ Projector 2

@

V.,
v
“a
Z ®
@® "
Projector1 L Polarized eyeglasses

Fig. 2-11 Diagram of polarized eyeglasses 3D displays.
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Polarized eyeglasses 3D displays include two projectors, a scattered screen, and
polarized eyeglasses [10]. Two projectors produce different polarized 2D images and
the screen scatters images. By wearing polarized eyeglasses, the left and right eye
receives different polarized 2D images and the observer perceives stereoscopic effects,
as shown in Fig. 2-11. Both of shutter and polarized eyeglasses 3D displays are widely
used in movie theaters because several observers can see 3D movies simultaneously.
However, the observer need to wear eyeglasses to perceive 3D images from
stereoscopic displays. The motion parallax phenomenon is also a drawback because

observers at different positions still see the same 3D image.

2.3 Auto-Stereoscopic Displays

Although stereoscopic displays have - been widely utilized, because wearing
eyeglasses is not required, multi-view _and ease of fabrication, auto-stereoscopic
displays are preferred to introduce 3D techniques.into daily life. Since Holographic
3D displays have color distortion and large recording data requirements in 3D movies,

several popular 2D-multiplexed 3D displays are introduced in the following.

2.3.1 Spatial-Multiplexed 3D Displays

2D-multiplexed 3D displays produce two different 2D images to the left and right
eye separately. Then the brain combines two 2D images to introduce stereoscopic
effects. The first 2D-multiplexed 3D displays are spatial-multiplexed 3D displays. As
shown in Fig. 2-12, lights from different pixels are directed to corresponding views by
using a parallax barrier or a cylindrical lens. The design equations of multi-view
parallax barrier and multi-view cylindrical lens are shown in Fig. 2-13 and Fig. 2-14

[11] [12] [13] [14]. However, spatial-multiplexed multi-view 3D displays presented
13



low resolution 3D images because the 2D resolution per view was low due to divided
pixels, as mentioned in Sec. 2.1.3. Parallax barrier 3D displays also produced low

light efficiency since black areas blocked rays from backlights.

» Parallax barrier 3D display <« Cylindrical lens 3D display

R L R L

(o) (o)

0 @ E: distance between two eyes (=65mm)
E=65mm Wp: width of pixels

L: viewing distance

N: Number of views

L Ws: width of slit

Whb: width of black

D: distances between barrier and LCD

W

v <—b> XV; EXWp
Ws=—"_""""—

— . E+Wp

Multi-views parallax barrier | p
|, Wb = (N-1)Ws
| NN N N N N N N N N N N N N N N

LCD pre L x Wp
Wp D=—C—""""

E+Wp

Fig. 2-13 Design equations of multi-view parallax barrier.
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Interocular distance (mm) | d

LCD pixel pitch (um) p
d Optical distance between | I/n
RE EL lens and LC(mm)
Viewing distance (m) D
@ @ Magnification m
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Fig. 2-14 Design equations of multi-view cylindrical lens.

2.3.2 Temporal-multiplexed:3D Displays

Temporal-multiplexed 3D displays were developed to solve low resolution and
low light efficiency in spatial-multiplexed 3D displays. In Fig. 2-15 (a), a 3D mobile
display based on sequentially switching backlight and focusing foil is proposed [15]
[16] [17]. The crosstalk was less than 6% and image uniformity was higher than 80%.
Another temporal-multiplexed 3D display is developed in Fig. 2-15 (b), including a
side-emission sequential LED backlight, a 120Hz LCD, a directional light guide and a
micro structure [18] [19] [20] [21]. Both the 3D displays presented full resolution and
high brightness 3D images. However, the 120Hz side-emission backlight presented
only two views and non-uniform images in large panels. Therefore, the two

temporal-multiplexed 3D displays were only utilized in mobile applications.
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Fig. 2-15 Side-emission sequential backlight 3D displays.

2.3.3 Spatial-Temporal hyrid 3D Displays

Because spatial-multiplexed 3D, displays f .L\‘.‘ e low resolution 3D images and

temporal-multiplexed 3D disp! W 0 usable in mobile application, a
spatial-temporal-hybrid 3D display. division LC parallax barrier and an
AMOLED panel is shown in Fig. 2-16

R L R L

(o)

Barrier B Barrier A

Barrier B rrier A

(a) First period (b) Second period

Fig. 2-16 Time division parallax barrier high resolution auto-stereoscopic display.
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By controlling the OCB parallax barrier synchronizing the panel in different
periods, the observer can perceive full resolution 3D images. Because the backlight
was direct-emission, the spatial-temporal-hybrid 3D display was usable in large LCDs.
The response time of Optical Controlled Birefringence (OCB) mode parallax barrier
was about 5ms and the frame rate in the QVGA AMOLED panel was 240frame/sec.
The number of views was two. However, the LC response time still limited number of

views and the parallax barrier also produced low light efficiency.

2.4 Summary

Currently, stereoscopic displays have been widely utilized in movies. But
wearing eyeglasses and the motion_parallax' phenomenon are drawbacks. Therefore,
auto-stereoscopic displays were »developedj to Introduce 3D techniques into daily life,
spatial-temporal hybrid 3D dis'plays.-Howé;/é}, image resolution, light efficiency,
number of views and image uniformity in large panels are still drawbacks in existing
3D displays. One solution for proposing auto-stereoscopic displays is designing 3D
backlights because backlights are the greatest difference between 2D displays and 3D

displays, as shown in Fig. 2-17.

1st period || 2nd period

0000000 0000000 OO00OO0000
LEDs LEDs LEDs
2D backlight Spatial 3D backlight | | Sequential 3D backlight

Fig. 2-17 2D backlight and 3D backlights.
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In 2D displays, backlights produce uniform and bright lights. However, in 3D
displays, backlights are not only light sources, but also light guides to produce
viewing-zones spatially or sequentially. Therefore, by combining techniques from the
spatial-multiplexed 3D displays and the temporal-multiplexed 3D displays mentioned
above, a spatial-temporal hybrid multi-view 3D display was proposed. Considering
average crosstalk, viewing-zone uniformity, resolution, light efficiency, number of
views and image uniformity in large LCDs, designing processes of the proposed

auto-stereoscopic display were analyzed and discussed.
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Chapter 3

Spatial-Temporal Hybrid 3D Display

A spatial-temporal hybrid multi-view 3D display was proposed to solve

drawbacks in existing auto-stereoscopic displays, including resolution, light efficiency,
number of views, and image uniformity in large LCDs. The proposed 3D display
includes a four-directional temporal backlight, a 240 Hz LCD and a multi-view
parallax barrier, as shown in Fig. 3-1. The four-directional temporal backlight
produced four viewing zones sequentially. Then the multi-view parallax barrier
divided each viewing zone to produce multi-view 3D images. The design of each

element is introduced in this chapter.

AN

240Hz LCD

Multi-view
parallax barrier

Viewing zone 3 Viewing zone 2

Viewing zone 4 Viewing zone 1

Diffuser

Dual directional prism

Cylindrical lens

Sequential LED plate \o e\ e\e e\0 w\@ o\w 0 0 w\0 o\v 00 ®

N N\e A e Ao A\e e e e e A\
Four-directional temporal backlight

Fig. 3-1 Structure of spatial-temporal hybrid multi-view 3D display.
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3.1 Four-Directional Temporal Backlight

As mentioned in Sec 2.4, backlight systems are the greatest difference between
2D displays and 3D displays. Therefore, developing a 3D backlight makes the 3D
display design possible. Considering the light source direction, direct-emission
backlights are preferred to side-emission backlights to present a uniform image on
large LCDs. Considering the backlight state, sequential backlights are better than full
on backlights in creating high resolution 3D images. Consequently, a four-directional
temporal backlight is shown in Fig. 3-2, including a sequential LED plate, a
cylindrical lens, a dual directional prism, and a diffuser. Following, the function of

each element is introduced.

EE

‘ Dual directional prism =

‘Cylindrical lens \\

‘Sequential LED plate F———

@ ©\0 9\v 0\0 5\0 9\v 0\0 B\0 O\v 09 »

N\ A e e A e e e e A

Fig. 3-2 Four-directional temporal backlight.

3.1.1 Sequential LED Plate

Cold cathode fluorescent lamps (CCFL) were widely used in display
technologies. However, because improved power saving, longer lifetime, mercury
issues and local dimming technology, light-emitting diodes (LED) replaced CCFL.

Utilizing the local dimming technology, a sequential LED plate in the four-directional

20



temporal backlight is shown in Fig. 3-3. All LEDs in the backlight are white LEDs
developed by stimulating blue LEDs to yttrium aluminum garnet (YAG). To prevent
from flicker, four white LEDs switch on and off sequentially at 240Hz. As mentioned
in Sec 2.3.1, a sequential LED plate not only improves image resolution, but also

increases light efficiency in backlight systems.
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Fig. 3-3 240HzZ sequential LED plate.
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3.1.2 Cylindrical Lens

At the EURO SID conference in 1996, Philips proposed a cylindrical lens 3D
display in Fig. 2-14. By using geometric optics, a cylindrical lens was designed to
direct rays to specific viewing directions. Cylindrical lens 3D displays are easy to
fabricate and have higher light efficiency than parallax barrier 3D displays have.
Therefore, in the four-directional temporal backlight, by adding a cylindrical lens
above the sequential LED plate, rays from different colors of white LEDs are directed

at two certain viewing angles, as shown in Fig. 3-4.
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Fig. 3-4 Diagram of cylindrical lens.

3.1.3 Dual Directional Prism

After adding a cylindrical lens, two viewing zones were formed. However, as
mentioned in Sec 3.1.1, the proposed display. produced four viewing zones
synchronizing four sequential white'LEDs. So-a dual-directional prism must be added
above the cylindrical lens. As ‘shown inFig:3-5; iﬁ first step, the whole panel is
divided into even rows and odd rows. Next;using refraction theory, by adding a micro
prism 1 on even rows, light distributions of even rows shift to the right. Similarly, when
a micro prism 2 is added on odd rows, light distributions shift to the left. Finally, by
combining micro prism 1 and micro prism 2, a dual directional prism was fabricated
to increase viewing zones from two to four. Therefore, the proposed 3D display

produced four viewing zones corresponding to the sequential LED backlight.
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Fig. 3-5 Diagram of dual directional prism.

3.1.4 Diffuser

A diffuser is an optical film that can scatter lights from a backlight to improve
image uniformity. Currently, most diffusers are particle-diffusing diffusers by coating

micro-sized beads with binding resin on a substrate, as shown in Fig. 3-6.
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Fig. 346 Diagram of diffusers.

The light transmittance value and the-haze value are important optical criteria.
Light transmittance affects image " ‘brightness and haze affects viewing-zone
uniformity and image uniformity [23]. Equations for calculating transmittance and
haze are shown in Fig. 3-7. A diffuser with strong optical performance has a high
light transmittance value and a high haze value. The haze value is defined as the
scattered light measured divided by the total transmitted light measured in an
Integrating Sphere. For example, in Fig. 3-7, a diffuser with a haze value of 80%
means that 20% incident light is observed in + 5° range in a diffuser spectrum. So a
diffuser with a high haze value has uniform light distribution and uniform images.
Consequently, in the four-directional temporal backlight, by adding an adequate
diffuser in front of the dual directional prism, the viewing-zone uniformity was
increased and observers perceived continuous and uniform 3D images.
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Fig. 3-7 Definitions of transmittance and haze.

3.2 240Hz LCD

Most displays include a backlight system and a LCD. In the spatial-temporal
hybrid 3D display, as mentioned in Sec 3.1, the four-directional temporal backlight
gave four viewing zones sequentially at 240Hz to prevent flicker. Therefore, a LCD in
the spatial-temporal hybrid multi-view 3D display displays images at 240 Hz,

sequentially synchronizing the temporal backlight, as shown in Fig. 3-8.
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Fig. 3-8 Diagram of four-directional temporal backlight and 240Hz LCD.

3.3 Multi-View Parallax Barrier
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Fig. 3-9 Multi-views parallax barrier diagram.
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Referring to spatial-multiplexed 3D displays in Sec. 2.3.1, when a multi-view
parallax barrier is added, number of views increases and an observer perceive
different 3D images while moving to different positions. For example, by adding a
front 2-view parallax barrier, each viewing zone from the four-directional temporal
backlight is divided into two views. So the number of views is increased from four to

eight, and 3D images are increased from three to seven, as shown in Fig. 3-9.

3.4 Summary

In the spatial-temporal hybrid multi-view 3D display, the four-directional
temporal backlight is the key to solve drawbacks in existing auto-stereoscopic
displays, including resolution, light* efficiency, number of views, and image
uniformity in large LCDs.

Luminance - Luminance

Viewing angle > Viewing angle >
LED plate + Lens LED plate + Lens + Prism

Luminance Luminance

| >

Viewing angle

Viewing angle

Proposed backlight LED plate + Lens
+ Parallax barrier + Prism + Diffuser

Fig. 3-10 Light distribution of spatial-temporal hybrid multi-view 3D display.
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The light distribution of spatial-temporal hybrid multi-view 3D display is shown
in Fig. 3-10. The first element in the backlight is a sequential LED plate, which is
comprised of four white LEDs switching on and off sequentially at 240Hz. By adding
a cylindrical lens, lights from the LED plate are directed into two specific viewing
zones. Then, using a dual directional prism, viewing zones are increased from two to
four synchronizing the four sequential white LEDs. Finally, by adding a diffuser on
the dual directional prism, lights from backlight are scattered to improve
viewing-zone uniformity and eliminate edges. Consequently, the four-directional
temporal backlight produces four uniform viewing zones separately and sequentially.
Finally, by using a 240 Hz LCD and a multi-view parallax barrier above the
four-directional temporal backlight, the proposed auto-stereoscopic display not only
presents multi-view 3D images, but alse-has-acceptable resolution, light efficiency,

and image uniformity in large LCDs.
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Chapter 4

Simulations for Proposed 3D Backlight

This chapter evaluates the proposed 3D backlight by using Geometric Optics.
Then the four-directional temporal backlight was also optimized for low average

crosstalk and high viewing-zone uniformity defined in Sec. 2.1.

4.1 Geometric Optics Evaluation of Proposed 3D Backlight

The four-directional temporal backlight produced four viewing zones
sequentially by using a 240Hz sequential. LED plate, a cylindrical lens and a dual
directional prism. This section uses Geometric. Optics to calculate the ideal direction

of each viewing zone and verify-the backlight design proposed in Sec. 3.1.

4.1.1 Refracted Procedurein Cylindrical lens

The pitch (P) and divergent angle (®) were parameters in the LED plate. The
lens curvature radius (R) and distance from LEDs were parameters in the cylindrical
lens. The first refraction phenomenon is lights illuminating from air to the cylindrical
lens, as shown in Fig. 4-1. By using the thick lens formula, the incident angle from the
lens to air (ul) was obtained. Then, the second refraction phenomenon is lights
illuminating from the cylindrical lens to air, as shown in Fig. 4-2. By using Snell’s

Law, the angle after the lens (u2) was also calculated.

29



Y
o (ZDP 13D tan@)
ul = tan -
A2 .
t x
- F” ...... N
____________ >
R >
2R - 6.67 (mm)
~ R

>
-
3
=~
r 4 |
-
-
i

-

A 3
u2 = sin~?! (E sin ul)

Fig. 4-2 Refraction from the cylindrical lens to air.

4.1.2 Refracted Procedure in Prism

The parameter simulated in the prism was the obtuse angle (A). For example, in
micro prism 2, the first refraction phenomenon is lights illuminating from the air to
the prism, as shown in Fig. 4-3. By using Snell’s law and Geometrics, the incident
angle from the prism to air (u3) was obtained. Then, the second refraction
phenomenon is lights illuminating from the prism to air, as shown in Fig. 4-4. By

using Snell’s law, the angle of each viewing zone (u4) was obtained. Calculations in
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the micro prism 1 were similar to the micro prism 2.

A
=1 2 -
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Fig. 4-3 Refraction from air to the prism.

u4

3
u4 = sin ! (Esin u3) — (90 — A)

Air

Fig. 4-4 Refraction from the prism to air.

By combing above equations together, in micro prism 2, the equation for
calculating two viewing zones directions (u4) was obtained as follow. Another two
viewing zones produced by the micro prism 1 were similar to the two viewing zones
produced by the micro prism 2. Therefore, the equation also verified that the proposed

backlight produced four viewing zones corresponding to different LED locations (P).

20P-3Dtan®
120R

u4 = sin?! {% cos [A + tan™? ( )]} —90+A (@-1
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4.2 Simulations of Four-Directional Temporal Backlight

After calculations by using Geometric Optics, this section discusses simulations
and optimization by using optical software (LighTools 6.1.0), including a sequential
LED plate, a cylindrical lens, a dual directional prism, and a diffuser. Finally, the
proposed backlight was confirmed by comparing the calculation results and

simulation results.

4.2.1 Sequential LED Plate

White LEDs in the backlight switched on and off at 240Hz to produce four
viewing zones sequentially, as mentioned in Sec. 3.1.1. There are two parameters in
the LED plate, as shown in Fig. 45 The first p_arameter was the distance between
neighboring LEDs (P). LEDs f&ﬁri:cated;inlismé-lvl"package diameters have small P

values. The distance between nejghbqriqg'iLEDs' is@s close as possible to eliminate

hot spots phenomenon in Fig. 46 189

Fig. 4-5 Parameters of sequential LED plate.
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Fig. 4-6 Hot spots phenomenon.

The second parameter was the dw jgle of LEDs (®). As mentioned in Sec
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Fig. 4-7 Comparisons between white LEDs built using LighTools 6.1.
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4.2.2 Cylindrical Lens

Above the sequential LED plate, a cylindrical lens directed lights in two specific
directions. The light distribution occurred after the cylindrical lens was related to the
focal length and the lens location. Therefore, the curvature radius (R) and the distance
between the lens and LEDs (D) are two parameters in designing cylindrical lens, as

shown in Fig. 4-8.

Fig. 4-8 Two parameters in cylindrical lens.

In the optimization process, R was decided first. Then by adjusting D, different
light distributions were obtained. The example of R=10mm is shown in Fig. 4-9.
When D=12mm, angular differences between viewing zones were almost the same, so
the crosstalk of each viewing zone was similar. Five optimized lens samples in
different R values are shown Fig. 4-10. The sample with smallest R value had lowest
average crosstalk. Because the lens thickness was 10mm, minimum of R was 10mm.

Therefore, the optimized cylindrical lens was: (R, D) = (10mm, 12mm).
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Fig. 4-10 Five cylindrical lens samples after optimization.
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4.2.3 Dual Directional Prism

After adding a cylindrical lens, lights from LEDs illuminated two specific
viewing angles. However, as mentioned in Sec. 3.1.1, the proposed 3D backlight
produced four viewing zones corresponding to four sequential white LEDs. So a dual
directional prism was added to increase viewing zones from two to four. As shown in
Fig. 4-11, micro prism 1 and micro prism 2 have the same structure but lay in opposite
directions. The length (L), height (H) and width (W) were 20um, 12um, 4mm. The
obtuse angle (A) was 60°. The refraction index of the prism was nearly 1.5. As shown
in Fig. 4-12, by using Snell’s Law, micro prism 1 shifts light distributions on even
rows to the right. Similarly, micro prism 2 shifts light distributions on odd rows to the
left. The four viewing zone directions:were 30°, 10°, -10°, and -30° in simulation. In
calculation by using Eq. 4-1, the-four viewing zone directions were 27°, 11°, -11°, and
-27°. Consequently, the backlight produced four vieWing zones separately by using

the cylindrical lens and the dual directional prism.

12um 12um

€<-—-——-———->

\l - 4mm\ = |

Micro prism% Micro prism 2

Dual directional prism

Fig. 4-11 Diagram and parameters of dual directional prism.
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4.2.4 Diffuser

By using a 240Hz sequent‘i:élil ELED'b@ckl.i‘g.r%t, a cylindrical lens and a dual
directional prism, the proposed backlight produced four viewing zones sequentially.
However, dark images were caused due to low viewing-zone uniformity and this issue
was solved by adding an adequate diffuser. To optimize the diffuser, the Gaussian
scattering angle (o) is defined in Fig. 4-13. A diffuser fabricating with a large o value
had high average crosstalk and high viewing-zone uniformity. As mentioned in Sec.
2.1.1 if the average crosstalk is over 15%, 3D images are distorted [24]. In Sec. 2.1.2,
if the viewing-zone uniformity is below 70%, dark images occur. Thus, in Fig. 4-14,
when o = 8¢, the average crosstalk is below 15% and the viewing-zone uniformity is
80%.. The four viewing zones light distribution is shown in Fig. 4-15. Therefore, the

optimized o was 8°, and haze of the diffuser defined in Sec. 3.1.4 was 60%. Finally,
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by utilizing the four components optimized above, the four-directional temporal
backlight produced four viewing zones sequentially with acceptable average crosstalk

and viewing-zone uniformity.
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Fig. 4-15 Four-directional temporal backlight light distribution in simulation.

4.3 Summary

The four-directional tgmporal,;packlight was designed to produce four
viewing zones sequentially, inciuding a':s)eauéht'ialy LED plate, a cylindrical lens, a
dual directional prism, and a diffuser\.l The—opt'rmized‘ parameter values are shown in
Tab. 4-1. The average crosstalk ;ind.'the viewing.'-zone uniformity in the proposed
backlight were 14.57% and 80%. Therefore, a 3D display using the proposed

backlight produced clear and continuous 3D images.

LED pitch (P) 4mm
LED plate : -
LED divergent angle (O) 20
L. Curvature radius (R) 10mm
Cylindrical lens :
Distance from LEDs (D) 12mm
Length (L) 20um
Dual directional Width (W) 4mm
prism Height (H) 12um
Obtuse angle (A) 60°
Diffuser Diffused angle (a) 8

Tab. 4-1 Optimized parameter values in four-directional temporal backlight.
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Chapter 5

System Tolerances & Experimental Results

Before fabricating the proposed 3D display, system tolerances were evaluated to
assure experimental results. Then, a spatial-temporal hybrid multi-view 3D display
was fabricated by adding a multi-view parallax barrier above a four-directional
temporal backlight. Finally, the ConoScope measured the proposed 3D display

performance and compared results with the simulation model.

5.1 Tolerance of the Four-Directional Temporal Backlight

The four-directional temparal backlight. had. been optimized by simulation.
However, because manufacture-processes sometimes tauses errors, fabrication results
are easily different between simulation.results. Thus, before experiment, tolerance of

the backlight system is evaluated in this section.

5.1.1 Distance between Neighboring LEDs (P)

As mentioned in Sec. 4.2.1, the optimized P was 4mm for hot spots phenomenon.
If P < 4mm, two viewing zones behind the cylindrical lens are close. So after adding
the dual directional prism, the average crosstalk is over 15% and the uniformity
between view 2 and view 3 is below 70%. Similarly, if P > 4mm, since angular
difference between two viewing zones after the cylindrical lens is distant, the
uniformity between view 1 and view 2 and the uniformity between view 3 and view 4
are below 70%. As shown in Fig. 5-1, the tolerance of P is below +0.25mm. Light
distributions of P=3mm, 4mm and 5mm are also shown in Fig. 5-2.
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Fig. 5-1 Tolerance of distance between neighboring LEDs (P).
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Fig. 5-2 Light distributions of P=3mm, 4mm and 5mm.
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5.1.2 Divergent Angle of LEDs ()

The divergent angle of white LEDs in simulation was +20°. In Fig. 5-3, if ® <
+20°, angular difference between view 1 and view 2 and angular difference between
view 3 and view 4 are close. So the uniformity between viewing zone 2 and viewing
zone 3 is low. If ® > £20°, rays illuminating side of the cylindrical lens caused light
leakage. So the average crosstalk was large. Thus in Fig. 5-4, the optimal ® is £20°

and the tolerance of ® is nearly £4°.

Normalized luminance

Normalized luminance

——View 1

Normalized luminance

Viewing angle

Fig. 5-3 Light distributions of ®=+£12°, +20° and +28°.
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5.1.3 Curvature Radius of Lens (R)

A lens fabricating in small curvatﬁféTea:d?ius~ has large curvature, and a lens with
large curvature separates lights weII and p‘oduoes Iow average crosstalk. Because the
lens thickness in simulation Was 10mm Mnm was 10mm. As shown in Fig. 5-5,
if R > 12mm, the average crosstalk Is. much Iarger than 15%. Thus in fabrication, the

.-

tolerant R was + 2mm.
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Fig. 5-5 Tolerance of lens curvature radius (R).
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5.1.4 Distance between Lens and LEDs (D)

The distance between lens and LEDs related to light distributions. As shown in
Fig. 5-6, view 2 and view 3 are close while D > 12mm. If D < 12mm, angular
difference between view 1 and view 2 and angular difference between view 3 and
view 4 are close. Both cases produced large average crosstalk and low uniformity.

Therefore, in Fig. 5-7, the optimal D was 12mm and the tolerance of D is smaller than

+1mm.
«.wé_..’ 5 —=-view 1
8 7Y, ’ e — ——view 2
S o b ——view 3
= Y B 1 il o<viewd
E m ! —*-total
9 0-4 3
@ & 04l ,
N
£ AN
: D,
60 50 -40 30 -20 -10 0 10 20 30 40 50 60
Viewing angle

== view1

= view 2

== view3

=== total

Normalized luminance

-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60

—-view 1
——view 2
—o—view 3
—<view 4
=¥=total

Normalized luminance

-60 -50 -40 -30 -20 -10 0 10 20 30 40 50 60
Viewing angle

Fig. 5-6 Light distributions of D=10mm, 12mm and 14mm.
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5.1.5 Obtuse angle of dual directional prism (A)

The obtuse angle of dual d‘i_rectvi'onal :'prism determined the angular shift by
refraction. In Fig. 5-8, the optim’él Alis 66%’ and the rtqllerance of D is £1°.As shown in
Fig. 5-9, if A <59° the angulér é.hift ‘p@nfovrrienon-‘is so strong that the uniformity
between view 2 and view 3 ié-‘loWér thaﬁ 7‘00‘/0.‘ If A > 61° the angular shift
phenomenon is weak. So view 2 and \)iéw 3 a're close and the average crosstalk is over

15%.
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Fig. 5-8 Tolerance of obtuse angle in dual directional prism (A).
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Fig. 5-9 Light distributions of A=58°, 60° and 62°.

5.2 Demonstration of Four-Directional Temporal Backlight

The four-directional temporal backlight had been optimized in Chapter 4,
including a 240Hz sequential LED plate, a cylindrical lens, a dual directional prism,
and a diffuser. Each component in fabrication is shown in Fig. 5-10. The material of

cylindrical lens was Polycarbonate (PC) by using Computer Numerical Control (CNC)
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lathe. The micro prism was fabricated in Polymethylmethacrylate (PMMA) by wheel
Machining and was divided by laser to construct the dual directional prism. The
diffuser was particle-diffusing diffuser with Haze = 60%.

Sequential LED backlight Cylindrical lens

LR TR
®0cec0ce oo o
*eco oo
®ecccoscce
®esc s s e s
sescceveces

Diffusersy’ ,"l /..'l-..__'l)‘hal directional prism

Fig. 5-10 Component impIémentatiph’s‘:iniour-qi_ls'ectional temporal backlight.

=

(1) LED plate g, e | (2)LED plate + Lens |
] 5

4 1

ol IR —Source 1(3) o - ‘.‘ [ Source 1(3)
c / 08 ‘\ — —-Source 2(4) é ” \ 08 / -\- -Source 2(4)
c \

‘€ 06 Cylindrical Vg5 T yos I \

E , E Lo

= 0.4 ens =] 1 0.4

3 / \ 3 foo

GN) f 0.2 \\ g 7 !n.z

© Q//I \\ Te“ ! ! \-—\
g -40 -30 -20 -10 0 10 20 30 40 5»20 -15 -10 -5 0 5 10 15 20
z Viewingangle (°) z Viewingangle (°)

Dual directional prism
R —Source 1 1 —Source 1
3 ) I\ ——-Source2 3 n - — -Source 2
s ©oR8 1V _Source3 S 1 (o8 [ \ - . =Source 3
£ : o e = — e foyrce 4
E e R RVA
=] =} H ] A
3 3 Y WA
g g L
TEU . T g v | N ,}(,' \
B -60 -40 .-20 A 0 20 ° 40 60 §-45 -30 -15 0 15 o 30 45
= Viewingangle (°) = Viewingangle (°)
| (4) LED plate + Lens + Prism + Diffuser | | (3) LED plate + Lens + Prism |

Fig. 5-11 Light distributions of four-directional temporal backlight.

47



Then, according to the optimized model, by combining above components, four
viewing-zones are produced successfully, as shown in Fig. 5-11. The average crosstalk

Is 35% and the viewing-uniformity is 70%.

5.3 Spatial-Temporal Hybrid Multi-View 3D Display

The number of views divided by a multi-view parallax barrier was related to the
viewing distance. As shown in Fig. 5-11, the FWHM (Full Width at Half Maximum)
of each viewing zones is nearly 15° in the four-directional temporal backlight. Thus,
in Fig. 5-12, different multi-view parallax barriers are designed according to 3D

display specifications.

As viewing distance = L( mm):

e=====) Angulardifference between twa eyes (X) = 2 tan 32|_'5 )

==——=) FWHM (full width at half maximum) of each viewing zone ~15°

==—= View numbers of parallax barrier (N) = 15 / X

E: distance between two eyes (=65mm)
<> Wp: width of pixels (=0.322mm)
E=65mm . .
L: viewing distance
N: view numbers of parallax barrier
L Ws: width of slit
Whb: width of black
D: distances between barrierand LCD

Wb Ws
v <> <>

I

p Multi-views parallax barrier Ws=E x Wp /(E + Wp)

Wb=(N-1)Ws
e

L . D=L x Wp / (E+ Wp)
4-directional temporal backlight

Fig. 5-12 Design of multi-view parallax barrier in the proposed 3D display.
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Fig. 5-14 Fabrication of spatial-temporal hybrid multi-view 3D display.
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Fig. 5-13 shows the four viewing zones after adding a 9-view parallax barrier.
The 9-view parallax barrier divides each viewing zone into 9 parts. Therefore, the
number of views defined in Sec. 2.1.2 increased from 4 to 36. A spatial-temporal
hybrid multi-view 3D display was implemented in Fig. 5-14. The number of views
was 36 with +40° viewing angle. Compared with the resolution and the light
efficiency decreased to 1/36 in 36-view spatial-multiplexed 3D displays, the
resolution and the light efficiency only decreased to 1/9 in the spatial-temporal hybrid
multi-view 3D display. Because the LEDs were direct-emission, the four-directional

temporal backlight was also usable to present uniform 3D images in large LCD.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions

3D displays are pursued through needing more natural images. Images
containing three-dimensional coordinate information are necessary for humans to
perceive real life images. Nowadays, stereoscopic displays are widely used in cinemas
due to ease of fabrication and vivid stereoscopic visions. Nevertheless,
auto-stereoscopic displays get popular because wearing eyeglasses is not required and
multi-view. However, image resolution, light efficiency, number of views, and image
uniformity in large LCDs are still"drawbacks in existing auto-stereoscopic displays.
Therefore, a 2D-multiplexed “3D-+ display- combining spatial-multiplexed and
temporal-multiplexed techniques was proposed.

The proposed 3D display included a multi-view parallax barrier, a 240Hz LCD,
and a four-directional temporal backlight. The four-directional temporal backlight,
comprising a sequential LED plate, a cylindrical lens, a dual directional prism and a
diffuser, produced four viewing zones sequentially with acceptable average crosstalk
and viewing-zone uniformity. Then the parallax barrier divided each viewing zone to
present multi-view 3D images. The comparisons between the proposed 3D display
and existing 3D displays are shown in Tab. 6-1. Because of the four-directional
temporal backlight, the proposed 3D display presented better resolution and light
efficiency by four times than spatial-multiplexed 3D displays, and 3D images in large
LCDs were uniform. Furthermore, by combining spatial-multiplexed and
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temporal-multiplexed techniques, the proposed 3D display produced multi-view 3D

images more easily than temporal-multiplexed 3D displays.

Number of views | 3D image Resolution Light efficiency

Parallax barrier 3D

display (Sharp) 2 1/2 1/2

Lenticular lens 3D
display (Philips) 9 1/9 1

Timedivision
parallax barrier 3D 2 1 1/2
display (Samsung)

Sided- sequential

3D display (3M) 2 1 1
Spatial-temporal
l hybrid 3D system 36 1/9 1/9 J

Tab. 6-1 Comparisons between existing 3D displays and the proposed 3D display.

6.2 Future Works

A temporal backlight with multi-view parallax-barrier was demonstrated for large
panels with wide viewing angle and multi-view, but still kept acceptable 3D resolution
and light efficiency. However, as mentioned in 5.2 and Fig. 6-1, the average crosstalk
in the four-directional temporal backlight prototype was over 15% due to alignment
between LEDs, lens, and prism. The distance between the LED backlight and the dual
directional prism also caused vertical crosstalk, as shown in Fig. 6-2. Therefore, in Fig.
6-3, by covering the LED backlight with the dual directional prism to improve
distance and alignment between the LED backlight and the dual directional prism.
Therefore, four viewing zones will also be produced with low horizontal and vertical

crosstalk.
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Simulation Experiment
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Fig. 6-2 Vertical crosstalk phenomenon.
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Fig. 6-3 Solutions to horizontal and vertical crosstalk.

Finally, because the proposed backlight produces four viewing zones

sequentially at 240Hz, the LC response time in the proposed 3D display is also 240Hz.
Therefore, the response time of LC must be lower than 2ms. One solution is using
OCB (Optically Compensated Bend) mode LC [25] [26]. Because there is no
backflow while changing state in OCB mode, the response time is from 5ms to 1ms.
OCB mode also has ease of fabrication and wide viewing angle due to the
self-compensated property. Another solution is Blue Phase mode LCD [27] [28]. Blue
Phase is liquid crystal phase that appear in a temperature range between the cholesteric

phase and the isotropic phase. The electro-optical response time at room temperature
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Is 0.1 ms for the stabilized Blue Phase. Furthermore, because the Blue Phase mode
can make alignment layers, the mechanical pressure sensitivity and the manufacturing
steps are reduced. In SID 2008, Samsung developed the first Blue Phase LCD with
240Hz refresh rate. Therefore, by combining the four-directional temporal backlight
and the multi-view parallax barrier with an OCB LCD or a Blue Phase LCD, the
spatial-temporal hybrid multi-view 3D display will be fabricated.

However, in the synchronization between the sequential backlight system and
240Hz LCD, if LEDs turn on too early or turn off too late, the spatial-temporal hybrid
multi-view 3D display produces distorted 3D images due to the temporal crosstalk

phenomenon, as shown in Fig. 6-4.

Temporal crosstalk

’ Turnon too early ‘ ’ Turn off too late ‘

Fig. 6-4 Temporal crosstalk in the synchronization between the backlight and LCD.

Therefore, in Fig. 6-5, the tstat and tstop are defined in the backlight
synchronization. By adjusting values of tsat and tstop, for example, the observer
standing at position 2 can’t see the frame 1 images and frame 3 images. So the
temporal crosstalk is reduced and the 3D display present clear multi-view 3D images
satisfied the simulation and experiment results mentioned before. However, periodic
structure of the parallax barrier and the LCD cause moiré pattern in 3D images, as
shown in Fig. 6-6. Therefore, the slanted parallax barrier design is also a vital work in

the future.
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