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Color LCD for Color Break-up Suppression

Student: Chien-Liang Wu Advisors: Prof. Han-Ping D. Shieh
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Abstract

The Field Sequential Color (FSC) LCD.displays:red, green and blue fields sequentially
to mix a full color image by temporal coler mixing method. It has some advantages, such as
high transmittance, high resolution, high color saturation and low power consumption.
However, color break-up (CBU) is a serious issue to reduce image quality.

We proposed two methods for reducing CBU phenomenon. First one is RGBWpin,
which can reduce static CBU by reducing the intensities of R, G, and B fields. The other one
is Five Color Field Arrangement with Wi, (5-CFA with Win), which combines RGBW i,
and color field arrangement to suppress dynamic and static CBU simultaneously. These two
methods were successfully implemented in a 5.6-inch Optically Compensated Bend (OCB)
mode FSC-LCD. Finally, we used the 5.6-inch FSC-LCD and a high speed camera to
experiment for static and dynamic CBU. The experimental results reveal that static CBU were
reduced by inserting a W, field. Furthermore, dynamic CBU were eliminated by using

5-CFA with Wy, method.
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Chapter 1

Introduction

1.1 Liquid Crystal Displays (LCDs)

A liquid crystal display (LCD) has become more and more popular, because it is much
thinner and lighter than a Cathode Ray Tube (CRT) display. The power consumption of LCD
is also lower than that of CRT display. An LCD consists of backlight, Thin Film Transistor
(TFT) array, Liquid Crystal (LC) layer and, color, filter, as shown in Fig. 1.1 (a). An LCD is a
display device made up of any number of colori pixel:in front of a light source. Each pixel is
divided into three sub-pixels, which -are:colored; red, green, and blue, respectively by an
additional filter. By controlling the voltage applied across the liquid crystal layer in each pixel,
light can be allowed to pass through in varying amounts thus constituting different gray levels.
Light pass through the color filter in varying amounts thus a LCD can display a full color
image.

A pixel of color filter is divided into three sub-pixels, red (R), green (G) and blue (B) to
mix a full color image by spatial color mixing method. Thus, the resolution and light
transmittance will be reduced in conventional LCDs. Therefore, how to enhance the light

efficiency is a main issue of LCD.


http://en.wikipedia.org/wiki/Display_device
http://en.wikipedia.org/wiki/Light_source
http://en.wikipedia.org/wiki/Pixel

r‘

4

(b)

Fig. 1.1 The configuration of (a) conventional LCD and (b) FSC-LCD

1.2 Field sequential color liquid crystal displays (FSC-LCDs)

The main components of FSC-LCD are LED backlight and high response LC.
Backlighting for LCD displays, the availability of LEDs in specific colors (R, G, and B)
enables a full-spectrum light source which expands the color gamut by as much as 45%. In
addition, LEDs produce more lumens per watt than other alternatives. For an FSC-LCD, the

Cold Cathode Fluorescent Lamp (CCFL, which is a light source classified as an electronic
~ 2 ~
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component) has substituted for high efficient light emitting diode (LED) as the light source of
backlight. The backlight is made up of three-primary-color (R, G, and B) LEDs, so a color
image can be displayed without color filter by temporal color mixing method. Due to the
color-filterless feature and LED backlight, the FSC-LCD is expected as a future display with
low power consumption, high transmittance, high color saturation, high resolution, and low
material cost [1][2][3].

By using temporal mixing method, the backlight turns on R, G, and B sequentially. The
temporal mixing method divides a frame into three fields, as shown in Fig. 1.2. Each field
consists of TFT scanning time (trer) and LED flashing time (t.ep), as shown in Fig. 1.3. In
addition, an extra time (t_c) is necessary to wait for LC response. The relationship of tone

field time and frame frequency (f) is shown in equation 1-1.

1/3f = tgpr + tie + tep (1-1)

According to this equation, the operation time of FSC-LCD is one third of conventional
one. If 60Hz is a suitable frequency of an LCD, there is only 5.56ms for TFT scanning time,
LC response time and LED flashing time in one field. So a fast response time LC is necessary

for reducing t.c, such as optically compensated bend (OCB) mode LC.
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Fig. 1.2 The display mechanism of a FSC-LCD
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Fig. 1.3 Timing diagram of a FSC-LCD

1.3 Phenomenon of color break-up (CBU)

Due to the temporal color mixing method, there is a serious issue on FSC-LCDs, called color
break-up (CBU). If there is a relative velocity between a displayed image and human eyes, the

CBU will be perceived. The intrinsic visual artifact, color breakup, has shown to degrade

~4 ~



visual quality [4][5][6][7][8]. The illustration of CBU phenomenon is shown in Fig. 1.4, we

(@) (b)
Fig. 1.4 (a) An original image and (b) CBU image

sense the margin of image like a rainbow. According to the relative motion between human

eyes and images, the CBU can be cLa_s‘gi'f'i'éd:':"iﬂgt_Q dynamic and static CBU. The detail

- m -
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mechanisms of CBU will be describedinsection2.1: -
A P E

- - =
s G THSG o

. WA 1820 Y S
L, Wy ¥ o

1.4 Motivation and objective e

The FSC-LCD has the following advantages. First, by using three primary colors LED
backlight, the color saturation can be enhanced. Second, the color filter can be removed, so
the light transmittance and resolution is higher than conventional LCD. Third, low power
consumption can be achieved. Consequently, The FSC-LCD is potential, especially, for the
green products in the future. But the CBU phenomenon will degrade the image quality; this
issue needs to be resolved.

For improving the image quality, some methods such as frame frequency increase,
motion interpolation, and 4 Color Field Arrangement (4-CFA) were proposed for suppressing
CBU phenomenon on FSC-LCDs. However, these methods cannot resolve static and dynamic

CBU simultaneously. The objective of our research is to study practical methods for reducing
~5~



static and dynamic CBU simultaneously, and demonstrate the methods on a 5.6-inch

FSC-LCD.

1.5 Organization

This thesis is organized as follows. In Chapter 2, we will describe the eye movement
when we perceive a moving or static image. Due to the movement of eyes or image, CBU will
be caused on a FSC-LCD. Then, the prior methods for reducing CBU will be mentioned. In
Chapter 3, we will describe the proposed methods for improving the image quality by
reducing CBU phenomenon, called RGBWy,, and 5 Color Field Arrangement with Wi,
(5-CFA with Wpiny. In Chapter 4, we will implement those methods in a 5.6-inch FSC-LCD
and then verify our methods for reducing CBU: Finally, conclusions and future works will be

given in Chapter 5.



Chapter 2

Color break-up Mechanism and Prior Solutions

We will describe the mechanism of eye movement: smooth pursuit and saccade.
Depending on kinds of eye movement, the CBU phenomenon will be classified into static and
dynamic CBU. How to reduce CBU is the key problem. Finally, some prior methods which

were been proposed will be described.

2.1 Physiology of eye movement

Eyes are the visual system that has retina;a-sspecialized type of brain tissue consisting of
photoreceptors and interneurons. The-visual-system ¢an convert light into electrochemical
signals and then transport the signals along.the optic nerve fibers to the brain. Humans use

two types of eyes movement to track objects of interest: smooth pursuit and saccade [9].

2.1.1 Saccade

Eye saccade is quick and simultaneous movements of both eyes in the same direction.
Saccade is an eye movement that randomly and rapidly moves to scan and perceive an
interesting part of an object. One reason for saccade in the human eyes is that the fovea plays
a critical role in resolving object, by moving the eyes so that small parts of a scene can be
perceived with great resolution. The example of the saccade movement on an image is shown

in Fig. 2.1 in which the white line is the movement of the eyes.


http://en.wikipedia.org/wiki/Retina
http://en.wikipedia.org/wiki/Brain
http://en.wikipedia.org/wiki/Photoreceptors
http://en.wikipedia.org/wiki/Interneurons
http://en.wikipedia.org/wiki/Electrochemical
http://en.wikipedia.org/wiki/Optic_nerve
http://en.wikipedia.org/wiki/Pursuit_movement

Fig. 2.1 An example of saccade eye movement

2.1.2 Smooth pursuit

“Smooth Pursuit Eye Movement"(SPEM)”'is the ébility of the eyes to smoothly follow a
moving object. Pursuit eye movement can be divided into two stages: open loop pursuit and
closed loop pursuit. Open loop pursuit is the visual system's first response to a moving object
it wishes to track and typically lasts about 100ms. This stage of pursuit is that visual signals
have not yet had time to travel through the visual system and correct the pursuit velocity. The
second stage of pursuit is called closed-loop pursuit. This stage lasts from 100ms to the end of
eyes pursuit. If you are trying to pursue a target, but that target is getting farther and farther
away from your fovea, during closed loop pursuit you will increase the speed of pursuit until

you stabilize the image.



2.2 Mechanism of color break-up in conventional FSC-LCD

By displaying R, G, and B fields sequentially faster than the time resolution of the eye,
a good color image can be observed. If there is a relative movement between human eyes and
moving object, the field images will be integrated separately on the retina. Therefore, we feel
the rainbow effect or CBU on the margin of the image. The mechanism of CBU will show in

the following section.

2.2.1 Dynamic CBU

For TV applications, the dynamic CBU phenomenon always occurs at the edge of
moving image on a FSC-LCD. The reason for CBU is considered to be caused by temporal
integration on the retina of human eyes: The meehanism of dynamic CBU is due to “Smooth
Pursuit Eye Movement (SPEM)” in the visual system. Smooth pursuit is movement that
smoothly tracks a moving object in visual system. The purpose of smooth pursuit is to
perceive a continue moving object. Due to this reason, dynamic CBU can be perceived if
three fields alternate slower than the SPEM.

If there is a white image moving from left to right on a FSC-LCD, as shown in Fig. 2.2.
Human eyes pursue this moving image at the same time. While displaying an image which
moves from an initial pixel to the next one, an FSC-LCD will display R, G, and B fields on
the initial pixel, then display three fields again on the next pixel. But human eyes will shift
while displaying three fields. Thus, R, G, and B fields will separately project on the retina.

After integrating in the human visual system, dynamic CBU can be perceived.
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Fig. 2.2 the scheme of CBU phenomenon in a conventional FSC-LCD
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Fig. 2.3 (a) The relationship between time and display position of a

simulation scheme and (b) CBU image in a visual system
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We can simulate the integration of the visual system by using matlab software, as shown
in Fig. 2.3 (a) which is the relationship between time and display location (horizontal display
direction). In this figure, a white bar moves from left to right at 3 pixels per frame. The dotted
lines represent the shift of the observer’s viewpoint. When the observer watches a moving
image, observer will shift the viewpoint to follow the moving image. Consequently, the
observer will recognize an image as shown in Fig. 2.3 (b). This simulation scheme will be

used in the following chapters.

2.2.2 Static CBU

For a stationary image, CBU is observed during or after a saccadic eyes movement.
Saccade is an eye movement that randomly:,and, rapidly moves to scan and perceive target
image. If there are several white images as shown. in. Fig. 2.4, eye will perceive part of the
image that attracts interest. Human’s visual system, will be sensitive to white bars in this case,
as shown in Fig. 2.4 (a), line-A represents the eye saccade movement. Saccade eye movement
is much faster than SPEM, the stationary image seems to break up into several field colors, as

shown in Fig. 2.4 (b).

~11 ~
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Fig. 2.4 (a) Image in an FSC-LCD and path of a saccade.

(b) Observed CBU during or just after the saccade [10].

Static CBU is a serious issue due to the high velocity and random direction of eye
saccade movement. We can only increase frame,frequency or decrease the luminance of three

fields to suppress static CBU in FSC-LCDs.

2.3 Prior methods for CBU reduction

More and more researchers try to find methods for solving CBU phenomenon, such as
frame frequency increasing [11][12], motion interpolation [13], and Four Color Field

Arrangement (4-CFA) [14]. These proposed methods will be described in detail.

2.2.1 Frame frequency increase

As mentioned before, increasing the frame frequency is a method to suppress the static
CBU phenomenon. This is because the R, G, and B fields’ flash time will decrease. As we
know, CBU is caused by three fields images separately project on the retina. If the fields’ flash
time is shorter, the CBU width is narrower. Some researchers have performed experiments

and simulation about threshold frequency that CBU can be eliminated. The threshold
~12 ~



frequency in an FSC-LCD is 2 KHz [15][16][17].

I 1 field (=1/fv) I 1 field (=1/fv)

Movement of

Movement of B . .
Ob servation PO] nt

observation point

v

t | 1 I
- Observed

Otfcsglﬁred{ BCy W YR color { BCv W YR

(a) (b)
Fig. 2.5 the relationship between time and location of a moving image in

(@) single rate and (b) double rate FSC-LCD.

However, the 2 KHz threshold frequency is‘difficult to achieve because of LC response
time is not fast enough. So a double frame rate was-demonstrated to suppress dynamic CBU,
as shown in Fig. 2.5 which shows the-relationship between time and location of a moving
image in double frame frequency. The CBU width is just half of original which is driven at a
single frame rate.

Due to the fields flash time is reduced by using frame frequency increase method, both
dynamic CBU and static CBU can be suppressed. However, the field rate is not fast enough so

that this method is limited in CBU reduction.

2.2.2 Motion interpolation

To reduce dynamic CBU, a method called “Adjust of Color Element on the Eyes” (ACE)
had been proposed by N. Koma and T. Huchida®3, as shown in Fig. 2.6. The R, G, and B fields
display on different points which can be calculated according to the speed of the moving

object. If human eyes pursue this image, the three fields will be perceived on the same point
~13 ~



of the retina, thus dynamic CBU can be totally eliminated.

By using this method, it will be more complicated to calculate the velocity of all the

moving images in advance. Moreover, if human does not pursue the moving image, CBU will

be more serious, as in Fig. 2.7.

Original FSC ACE FSC

Horizontal
position

position shift

e time

movement of
observation point

T  — Time
me J—— observed
colors CO'OI’S
(a) (b)

Fig. 2.6 Scheme of (a) conventional and (b)-motion-interpolation method in an FSC-LCD.

«— time

retina coordinates W + M(2+A')/3 + 28/3

luminance —»

Fig. 2.7 A crossing object is moving from left to right at speed S and the

observer’s eyes trace is moving from right to left at speed M[18].
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2.2.3 Four color field arrangement (4-CFA)

Four Color Field Arrangement (4-CFA) has proposed by Ya-Ting Hsu'* for suppressing
dynamic CBU. The color sequence is ordered as RGBR, GBRG, and BRGB in three
continuous frames. The color order is still R, G, and B but the field rate becomes 240Hz, as
shown in Fig. 2.8 (a). The relationship between time and display position when eyes pursue a
moving image is shown in Fig. 2.8 (b). Each eye pursuit movement passes through R, G, and
B fields, so the integration of color will be white. Thus, the dynamic CBU can be eliminated.

This method is effective in reducing dynamic CBU, so the color field arrangement is
suitable for a FSC-LCD. The computation complexity is easier to implement this method in

an FSC-LCD. However, this method needs to enhance the ability to suppress static CBU.

N - 1 FRAME (1/60 sec) N FRAME (1/60 sec) n+ 1FRAME (1/60 sec)

R.SF G.SF  B.SF RSF | G.SF B-SF RSF  GSF | BSF RSF  GSF  BSF
17240 sec 1/240 sec 1/240 sec 1/240 sec(1/240 sec 1/240 sec 17240 sec 1/240 sec|1/240 sec 1/240 sec 1/240 sec 1/240 sec

Ll had L il ] L L

(a)
o 7|V' Display position
N N_ One frame

NONON

Time Observed image
(b)
Fig. 2.8 (a) the color order and (b) the relationship between time

and display position in 4-CFA method.
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2.2.4 Summary

The mechanisms of static and dynamic CBU phenomenon have been presented. In order
to improve image quality by reducing CBU, some prior methods have been proposed.
However, these methods also have some drawbacks. The LC response time is not fast enough
so that the field rate is difficult to achieve 2 KHz. The double frame rate is limited in CBU
reduction. By using ACE method, it can be more complicated to calculate image velocity in
advance. In addition, this method fails when eyes do not pursue the moving image. Finally,
4-CFA method, the color sequence is ordered as RGBR, GBRG, and BRGB in three
continuous frames. 4-CFA method can effectively suppress dynamic CBU, but static CBU is
still visible. In the following chapter, we will propose two methods to effectively reduce static

and dynamic CBU.
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Chapter 3

RGBW,,i, and 5-CFA with W,,,;, methods

The first method for reducing static CBU is called RGBWp,. The second method is to
upgrade the first method for suppressing static and dynamic CBU simultaneously, called Five
Color Field Arrangement with Wy, (5-CFA with Wp,,). Because of the local dimming
backlight zones [19] cannot be implemented on mobile-sized FSC-LCDs, we focus on field
rate increase for reducing CBU. Therefore, RGBWpi, and 5-CFA with W, were

implemented on a mobile-sized FSC-LCD.

3.1 RGBW,;, method

In RGBWrin method, one frame was;divided into four fields, which were R, G, B, and
white (W). The R, G, and B LEDs turn on simultaneously to display a W field. The gray level
of each pixel in W field depends on the minimum gray level of corresponding pixel in R, G,
and B field. The algorithm of RGBW/i, method is shown in Fig. 3.1. The gray levels (GL) of

R, G, B, and W field images are represented by GLg, GLg, GLg, and GLy, respectively.

graylevel = 255 x T /v (3-1)

The relationship between gray level and transmittance are shown in function 3-1, where
T is the transmittance of LC and vy is the gamma value of LCD. In RGBW, algorithm, we
assume the gamma value is one. The processes of RGBWp,, algorithm are discribed as

follows:
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l. Find out the gray level of each field in one pixel from an image.

Il.  Calculate the minimum gray level from the three fields of this pixel.

I1l.  Subtract the minimum gray level in R, G, and B fields in this pixel, and then assign this
new GL to the RGBWpi, method.

IV. Assign the minimum gray level to that of the W field in this pixel.

V. Repeat the same processes for each pixel of the image.

Target image
R o ‘ A i

RGBWmin method |
R field G field B field W field

GLR - GLmin GLO s GLmIn

Fig. 3.1 The flow chart of RGBW;, algorithm

As we mentioned before, CBU is observed because three fields appear separately on the
retina. The intensities of R, G, and B fields can be reduced by using the RGBW,;, method, so
CBU can be suppressed effectively. In addition, image brightness can also be maintained by
inserting a W field. In a white image, only the W field will be displayed, thus CBU can be
totally eliminated by using RGBW/,i, method. For other colors, at least one gray level of color

fields will be zero.
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We have simulated an image with conventional RGB and proposed RGBW i, methods,
as shown in Fig. 3.2. These images were shifted at 24 pixels per frame to simulate dynamic
CBU by using RGBWni, and RGB methods. The image quality can be improved by using
RGBW/in, as shown in the area of Fig. 3.2 circled by the solid line. As we mentioned before,
the stationary image seems to break up into several color fields due to static CBU. We
compare the right and left margins of these two images in Fig. 3.2, the static CBU is
suppressed by using RGBWpi, method. From the simulation results, RGBWy,, method

reduces CBU and enhances image quality.

RGBWmin

(a) (b)
Fig. 3.2 The CUB simulation images by using (a) RGB and (b) RGBWy,, methods

RGBW/,in method has artifacts when a specific color image is displayed, as shown in
the area of the Fig. 3.2 (b) circled by dotted line. The worst case is the gray level of the first

and forth fields do not equal zero, such as sky blue and strong red colors, as shown in Fig. 3.3
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(a). Dynamic CBU was simulated in a strong red image, as shown in Fig. 3.3 (b).The CBU
color difference can be suppressed because the gray level of the second field equal to zero and
that of the third field is almost equal zero. Thus there are two fields can be seen. If the first
and forth fields are seen and integrated by human visual system, CBU width of RGBW y;, will

be as wide as that of RGB. So in the next section, another method to resolve this issue will be

explored.
RGB (r, g, b) RGBWnmin(r, d, b, w) RGB (r, g, b) RGBWnmin(r, g, b, W)
Strong red Strong red Grass green Grass green
(186, 70, 73) (116, 0, 3, 70) (88, 160 ,87) (1,73, 0, 87)

(@)

Strong red (116, 0,3, )

=
r

7|T' Display position

Movement of
eye pursuit

Observed image

(b)
Fig. 3.3 (a) The CBU simulation images in sky blue and strong red

(b) The eye pursuit scheme in a strong red image
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3.2 5 color field arrangement with Wi, method (5-CFA with W)

In order to eliminate dynamic CBU, a method is to vary the order of fields in each frame,
based on the Ya-Ting Hsu’s research **. We proposed the method, called 5 Color Field
Arrangement with Wi, (5-CFA with Wp,ip). In this method, the color sequence is arranged as
RGBWR, GBWRG, BWRGB, and WRGBW in four continuous frames, as shown in Fig. 3.4
(@). The color sequence is still the same as RGBW,i, method but the field rate becomes
300Hz. The algorithm for designing the W field is the same as RGBWni, method. So the

advantages of RGBW/,i, method can be kept in 5-CFA with Wy, method.

| 1% frame (1/60 sec),| 2" frame (1/60 sec) | 3" frame (1/60 sec) | 4™ frame (1/60 sec)
RGBWR frame GBWRG frame ) BWRGB frame WRGBW frame
[ ] B [ ] B
1/300 sec
(@

>
r g

AR NN NNN
N \\\\\\\\
N
SO N
N \\\\ \\
SOOI SN NN
SO \\\\\\\
> NN
~ ANAY SNONONN
~ NN N NN
J »I_MA_Q_A_.\_A_H
Time Observed image

Fig. 3.4 (a) The color order and (b) eyes pursuing a moving image

by using 5-CFA with Wy,i, method
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The relationship of time and display location is shown in Fig. 3.4 (b), which describes
that eyes pursue a moving image in four continuous frames. The image is integrated by visual
system in continuous frames. Each dotted line represents eye movement with a moving image
which passes through R, G, B, and W fields in four continuous frames, therefore the visual

system will not integrate CBU on the edge of an image.

The strong red image simulation result on retina with 5-CFA with Wy,;, method is
shown in Fig. 3.5. If the four continuous frames are perceived and integrated by human visual
system, the image on the retina will be compensated at different gray levels in four continuous
frames. Consequently, if the dominated field is red, dynamic CBU is the most serious by

using RGBWmin method. This is because that human eyes integrate the 1% and the 4™ fields.
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Integration of
four frames

RGBWmin RGBWR GBWRG BWRGB WRGBW

Image on
retina

(a)

5-CFA with RGBWR GBWRG BWRGE WRGBW Integration of
Wmin four frames

Image on
retina

(b)

Fig. 3.5 Observer perceives an image in four continuous frames (a) Conventional color

sequence (b) 5-CFA with Wi, color sequence.

3.3 Discussion

The methods we proposed are suitable for a mobile-sized FSC-LCD, because the field
frequency is about 240Hz ~ 300Hz so that the field time is less than 4.17 ms. For a
mobile-sized display, the resolution is less so gate driver scanning time is shorter. The

relationship between time specifications of an LCD are shown in equation (3-2),

T=-- [tscan X V] - tLC — tLeD (3_2)

Where f: field rate
tscan: gate driver scanning time of each line
V: vertical resolution

t.c: LC response time



t ep: LED flash time

According to above equation, if T is larger than zero, the FSC-LCD can be driven at this
field rate. For example, we assume the scanning frequency of gate driver is 200 KHz and the
scanning time of each line equals 5us (1 /200 KHz). If a display resolution is 320x160, the
gate driver scanning time of a field is 0.8ms (t.,, X V =160x 5us). For a 300Hz field rate,
each field time is only 3.33ms. Thus, the time left for LC response and LED flashing is only
2.53ms (3.33-0.8). If the LC response time and LED flash time is 1.6 ms, T will larger than
one. If the resolution of a large-sized display is 1024x 768, the gate driver scanning time of
each field equals 3.84ms (tg.,, X V =768x 5us). Thus, no matter how fast the LC response
and LED flash time is, T will always be less than one. Therefore, this FSC-LCD cannot be

driven at a 300Hz field rate.

I_I

=l

We also calculated the time parameters by usmg RGBWmm method, as shown in Table
3.1. If the resolution of display is 320x240 T wnll be 1 37ms. If the resolution is 1024x768, T
will be -1.27ms. As these calculation results, the RGBWy,;, and 5-CFA with Wp, are suitable

for mobile-sized FSC-LCDs.

Table 3.1 The relationships between T and resolutions

in RGBW,i, and 5-CFA with W, methods

I I T [T

RGBWin 320x240

(240Hz) 1024x768 3.84 L 27
5-CFA with Wi, 320x160 0.8 - 0.93
(300Hz) 1024x768 3.84 -2.11
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3.4 Summary

The RGBWy,in and 5-CFA with Wy, are proposed to suppress CBU. The R, G, and B
color fields were lightened so that static CBU were suppressed by using RGBW i, method.
However, dynamic CBU still appeared while eyes pursue a moving image for some colors,
such as sky blue and strong red. In order to resolve dynamic and static CBU, we proposed
5-CFA with Wi, combining RGBW i, with color field arrangement method. These novel

proposed methods were implemented and verified on a 5.6-inch OCB mode FSC-LCD.
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Chapter 4

Implemental and Experimental results

In the previous chapter, RGBWp, and 5-CFA with Wi, methods were presented for
CBU reduction. The objective of this study is to verify that RGBWp, and 5-CFA with Wi,
methods can be successfully demonstrated on a 5.6-inch FSC LCD. First of all, the
specifications of a 5.6-inch FSC LCD system will be described. Then, the Hardware
Description (HDL) language will be explained for demonstrating a 5.6-inch FSC-LCD.

Finally, experimental results will be given.

4.1 Hardware: A 5.6-inch FSC-LCD:system

A 5.6-inch FSC-LCD system was used inthis thesis; this system consists of a Field
Programmable Gate Array (FPGA) board, LED controller, LC controller, and a 5.6-inch
FSC-LCD. The diagram and specification are shown in Fig. 4.1 (a) and (b). The FPGA board
is a platform which we used to upload the program and then this board drives the LC and
LED controllers. In the following sections, the specifications of FPGA and 5.6-inch

FSC-LCD will be described.
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(a)

5.6-inch FSC-LCD

Source DVI 640x480 @ 60Hz max
Display Resolution ~ 320x240, 5.6-inch
LC cell TFT,OCB mode

Fig. 4.1 (a) the photograph and (b) thé épeciﬁcaﬁons of the 5.6- inch FSC-LCD system
4.1.1 5.6-inch FSC-LCD

4.1.1.1 OCB mode liquid crystal

The OCB mode LC was used in this FSC-LCD to achieve high speed response. In OCB
mode LC, the pre-tilt angles in the top and bottom substrates are in opposite directions, as
shown in Fig. 4.2, opposite pre-tilt angles result in two important properties. First, it gives rise
to the optical self-phase compensation effect on LC directors. As a result, the viewing angle is
wide and symmetric. Second, the bend directors in an on-state voltage eliminate the back-flow

effect, resulting in a faster response time. As the applied voltage increases, the LC directors
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change from splay to bend deformation, as illustrated in Fig. 4.3. Below the critical voltage
(V=1.8V), splay state is more stable than bend state; above V., bend state is more stable [20].

For application, the OCB mode LC will be maintained in bend state by applying a bias
voltage. The LC can stay in bend state for a short duration if sufficient high voltage is
periodically applied [21][22]. Therefore, we inserted a black frame at the end of each field by
applying high voltage to make the LC maintain bend state, as shown in Fig. 4.4. In this way,

the OCB mode LCs always remains in bend state to achieve high response ability.

== R

Z StoB }\ \

- transi:ionlr

=== < 4
Splay state Bend state

Fig. 4.2 the transition between splay and bend states in an OCB mode LC
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Free Energy diagram of Splay & Bend state
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Applied Voltage (V)

Fig. 4.3 the transition curve from splay to bend state in OCB mode LC

TFT
scanning
time

LED flashing
and LC
response
time

I I I :t

Fig. 4.4 timing diagram with a blank insertion time in the conventional FSC-LCD

4.1.1.2 Source and gate drivers

A 480-output TFT-LCD source driver IC with RSDS (Reduced Swing Differential
Signaling) was used for the 5.6-inch FSC-LCD, using single 12-bit differential bus conveys

24-bit data. The source driver can receive 12-bit differential data from timing controller and
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can output 480-channel LCD driving voltage, the specifications are shown in Table 4.1 (a).
There are some advantages of the RSDS method, as shown below.

I.  Reduced bus width — enables smaller and thinner column driver boards

Il.  Low power dissipation — extends system run time

I1l. Low Electromagnetic Interference (EMI) generation — eliminates EMI suppression

components and shielding

IV. High noise rejection — maintains signal image

V. High throughput — enables high resolution displays

For RSDS applications, the timing diagram of data transition is shown in Fig. 4.5. We
can see the differential signals are received at the rising edge of clock-P and clock-N. The 24
bit data can be received by using a 12 bit differential bus during one clock-P/N cycle. Then
the source driver can transform the received data; and control the LC by applying voltage to
480 output channels.

After the source driver output an elegtric signal in one line of the frame, the gate driver
applies voltage to turn the TFT on. Thus, the source driver’s signal can store into each pixel in
one line of the frame. In this way, the LC of each pixel can be controlled individually.

In order to turn TFTs on, a start pulse signal is necessary to drive the gate driver output
a high voltage. After a start pulse is triggered, output pins of gate driver will sequentially
produce high-driving voltage pulses for the LCD panel. This gate driver can produce voltage
through 240 channels to the LCD panel, The max clock frequency is 200 KHz, as shown in

Table 4.1 (b).
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clock P/N :)D(:
ROP/N
R1P/N
R2P/N
R3P/N
GOPIN
G1PIN
G2PIN
G3PIN
BOPIN
B1PIN
B2PIN
Ve

Fig. 4.5 The timing:diagram of RSDS

Table 4.1 the specifications of (a) the gate driver and

(b) the source driver for the TFT LCD panel

(a)

Source driver

Output 480 output channels
Input RSDS input interface for low EMI
Resolution 8-bit resolution / 256 gray scale
(b)
Gate driver
Output 240 output channels
input clock < 200 KHz
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4.1.1.3 LED backlight system

The LED backlight system consists of four LED drivers and three in one LEDs (R, G,
and B). Each LED driver is a 16-channel constant-current sink driver. Each channel has an
individually adjustable 4096-step grayscale by Pulse-Width Modulation (PWM) operation and
64-step constant-current sink (dot correction). The dot correction adjusts the brightness
variations between LED channels and other LED drivers.

This LED driver has the capability of adjusting the output current for each channel
(OUTO to OUT15) independently. The driven method, called Dot Correction mode (DC
mode), is used to adjust LED brightness. Each of the 16 channels can be programmed with a
6-bit word. Thus the channel output can be adjusted in 64 steps from 0% to 100% of the
maximum output current. Dot correctionsdata are‘entered for all channels at the same time.
The complete dot correction data format consists of 16 x 6-bit, which forms a 96-bit wide
serial output data to control the current of 16 channels independently. This LED driver also
can adjust the brightness of each channel by using a PWM control scheme. It uses the 12-bit
width digital signal per channel to result in 4096 (212) different brightness steps, which is
called grayscale mode (GS mode). The total grayscale data of 16 channels is 16 x 12 bit width,
which forms a 192-bit wide data packet. Consequently, each LED current is controlled by the
LED driver with DC mode operation. Each LED lighting period is controlled by a LED driver
with GS mode operation. The serial data input timing diagram with DC and GS mode is
shown in Fig. 4.6.

Each LED driver connects 16 channels to two rows LEDs, the photograph and
specifications of the LED driver are shown in Fig. 4.7 and Table 4.2. In detail, the LED driver
channels 13-15 control the RLED, channels 9-12 control the GLED, and channels 5-8 control

the BLED. The other channels are the input channels used to input signals to the LED


http://en.wikipedia.org/wiki/Pulse-width_modulation

controller, such as the clock.

DC Mode Data GS Mode Data DC Mode Data
| Input Cycle | Input Cycle [ Input Cycle
Vce [ | |
VPRG | . {
| | " |
| w e tous ————— s —
| '—l I_l
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Fig. 4.6 serial data input timing diagram of the LED controller

Table 4.2 the:specifications of LED driver

Input frequency

30-MHz (max)

Output channels

16 output channels

Dot correction

(DC mode)

6-bit (64 steps) for LED

current

Grayscale PWM mode

(GS mode)

12-bit (4096 steps) for LED

grayscale
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Fig. 4.7 the top view of LED driver and LED backlight

4.1.2 Field Programmable Gate Array (FPGA)

A field-programmable gate array is a semiconductor device containing programmable
logic components called "logic blocks"”. Lagie blocks can be programmed to perform the
function of basic logic gates such as AND;-and XOR, or more complex combinational
functions such as decoders or mathematical functions. In most FPGASs, the logic blocks also
include memory elements, which may be simple flip-flops or Static Random Access Memory
(SRAM). In this thesis, the memory elements used in FPGA are Static Random Access
Memory (SRAM) and Synchronous Dynamic Random Access Memory (SDRAM), which
were used as data buffers and the frame buffers, respectively.

In order to define the behavior of the FPGA the user provides a hardware description
language (HDL), the Common HDLs are VHDL and Verilog. Then, the user uses an
electronic design automation tool; a technology-mapped net-list is generated. This net-list can
be fitted to the actual FPGA architecture by using a process called place-and-route. The user
will validate the map, place and route results via timing analysis, simulation, and other

verification methodologies. Once the design and validation process is complete, the binary
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file is generated (also using the FPGA company's proprietary software) to (re)configure the
FPGA. In our research, the FPGA was made by Xilinx Company, and Verilog language was
used to program.

In this thesis, we implemented RGBWy,, and 5-CFA with Wp,, methods by using
Verilog language in FPGA. Therefore, the FPGA can control the LC and LED drivers, then
the 5.6-inch FSC-LCD can display. Our key research is to implement the program that can
match the specifications of LED and LC drivers and also can drive the LC and LED with
RGBW/in and 5-CFA with Wi, methods. Next sections, the design of LC and LED driver

program will be described.

4.2 Implement the programs of the LC and LED controllers with
RGBW,,,, and 5-CFA with Wi, méthods

A FSC controller means a timing contrelter (TCON) to convert the input data to a
desired format output data. For FSC-LCD applications, the input signal consists of R, G, and
B data and the field rate is 60Hz. Therefore, we must use a FSC controller to separate the
input signal into R, G, and B sub-data and output at a specific field rate. In our research, the
field frequencies of the FSC-LCD were 240 Hz and 300 Hz. In order to display a full color
image, a module of LED controller is also necessary. After LCs’ response, the LED backlight

should display R, G, B or W sequentially in one field.

4.2.1 Module design of FSC controller for RGBW,, method

The FSC controller is divided into three processes in our research, as shown in Fig. 4.8.
Each process consists of several program component designed by Verilog language. The

function of FSC controller is tested by a test pattern image as an input.
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Fig. 4.8 the relationship between each module of FSC controller

4.2.1.1 Process 1: input pattern cenvertto input data buffers

The function of data convert process is to accept input signal and convert it to the proper
format. For general applications, each pixel of an image consists of R, G, and B sub-pixels.
There are 256 gray levels of each sub-pixel, and the size of each sub-pixel is 8 bit. Therefore,
the size of each pixel is 24 bit in an image. In order to transform the input image data with 24
bit to R, G, and B data separately, a data covert module is necessary.

Each pixel of the image data inputs to the FSC controller with 24 bit width, which
divided into R, G, and B parts (the size of each part is 8 bit). Input data is stored in
24-bit-sized data registers, and then the W data is determined from R, G, and B data by using
RGBWpin algorithm, as shown in Figs. 4.9 ~ 4.12. Each square block denotes the data register
with 8 bit width; the twelve data registers were programmed to store input data. The pixel data
of the input image are stored in the first data register at each falling edge of the clock, the data

which stored in the data registers shift from the original data registers to the next ones at the
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same time. In this way, each data will shift from first data register to the final one. We select
the 1% falling edge of the clock for describing the data convert process. At the 1* falling edge
of the clock, the minimum data, W can be determined from the first, second and third pixel
data, as shown in Fig. 4.9. Next, the R data of the first three pixel data is selected at the 2™
falling edge of the clock, and subtract W from R to determine R’, as shown in Fig. 4.10. At
the 4™ falling edge of the clock, the G data of the first three pixel is selected, and subtract W
from G to determine G’, as shown in Fig. 4.11. Finally, the B’ is determined by the same

method at the 6™ falling edge of the clock, as shown in Fig. 4.12.

24-bit
datain
(e (e (i
8_b|t | | |
— b b
R data | Rs : i Rz : i Ri :
i i i
: [ o |
; i : i : i
2 G | G2 B¢ G |
i | I | I |
i | I | I |
8-bit _L : ' : ' _ :
B data | Bs [ { B2 | : B1 [ —
- = e
W3 — W2 | W1

| i _hi i |
L8_tﬂt_ _ _B_blt __ _8_bE 1data out

CLK |1]£ |2| 3| 4| |5| |6| 1| 2| |3| |4| 5| 6|

Fig. 4.9 The 24-bit W data of three pixels is output at 1* falling edge of clock.
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8-bit i i 1 24itR

Rdata | B3 R2 Ri data out
— Gs3 G2 G1

8-bit

B data B3 B: B1 —>

CLK _T1] J2y [3] Jal [s] Jel J1] T2 3] Jal [s] Jel -

Fig. 4.10 The 24-bit R’ data of three pixels is output at 2" falling edge of clock.

24-bit

datain

8-hit

R data R4 Rs R2
8-bit 8-bit 8-bit E> G'=G-W
+ + 4

—1 G4 G I G2 - G1 [
8-bit
B data B4 B3 B2 B:

CLK _T1] Jo| [3] Ja [s] Te] 1] J2] [3] [4] [5] [e] -

Fig. 4.11 The 24-bit G’ data of three pixels is output at 4™ falling edge of clock.
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Fig. 4.12 The 24-bit B’ data of three pixels is output at 6" falling edge of clock.

Finally, the R’, G’, B’, and W data can be shifted from data registers to four input data
buffers (R, G, B and W data buffers), as.shown in‘Fig. 4.8. Each data buffer can store all the
data of one line of an image. The resolution of our ESC-LCD is 240x320 so the input data
buffers is 107 depth by 24-bit width (107x*3pixels.= 320pixels for each line) for storing the

data of a line. We distributed four input data buffers for storage of the R, G, B, and W data.

4.2.1.2 Process 2: the data access of frame buffers

For the FSC-LCD applications in our research, the input signal consists of R, G, and B
in each pixel and the frame rate is 60Hz. However, the output signal must be transformed to R,
G, B and W separately and displayed sequentially at 240 or 300 field rate. Thus, the frame
buffers are necessary for storing a frame image in advance. In order to make frame buffers,
Synchronous Dynamic Random Access Memory (SDRAM) is used.

If the input data buffers are filled with data, the data of each line can be written in
SDRAM, as shown in Fig. 4.8. SDRAM is divided into two banks, and each bank consists of

four parts, R, G, B, and W. Because one frame data must be stored in advance, we need to



distribute SDRAM into two banks. For the SDRAM applications, the access time of read and
write must be separated, which means no read on write and no write on read. Only one
SDRAM was used, so the read and write time must be separated by distributing the numbers
of input and output data buffers. The detail will be described in process 3.

Firstly, the data of first frame is stored in bankO of SDRAM and the data stored in bank1
can be read out. Next, the data of second frame is stored in bankl of SDRAM and the first
frame data can be read out from bank0 of SDRAM. By this way, the bankO of SDRAM saves
the odd frame data, the bankl saves the even frame data. In this way, we only need one
SDRAM to complete a FSC controller. For RGBW i, method, the data in R part of one bank
of SDRAM shifts to output data buffers, then the G, B and W parts are output to data buffers

in order.

4.2.1.3 Process 3: shift data:from frame buffers to data buffers

In process3, the R, G, B, and W data ‘are‘shifted from the SDRAM to the output data
buffers. Because the R, G, B, and W data are separately stored in four parts of one bank of
SDRAM, the R, G, B, and W field data can be read out sequentially. For storing one line
image, the size of the output data buffer is the same as that of input data buffer (3pixels x 107
= 320pixels). The input frequency is constant, so the time of shifting the data from input data
buffers to frame buffers is constant, as shown in Fig. 4.13. Thus, the time of shifting the data
from frame buffers to output data buffers (t) is constant; the six output data buffers were
distributed.

The R data of one bank of SDRAM shifts to output data buffers from the first pixel to
the final pixel in order. After filling one data buffer, the data of output data buffer can shift to

next module, thus the LC controller can drive the LC panel. The G, B, and W data of one
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bank of SDRAM repeat the same procedure and thus the LC panel can be driven by RGBW i,

method.

SDRAM < SDRAM write X SDRAM read X SDRAM write ><:
access

Input data Gae W R aam

buffers

<

t !
output data e (2X3X&X5 X6

buffers

1 1
1 1
Shift data from the ! Shift data from the
input data buffers | frame buffers to the '
to the frame buffers | output data buffers '

1 1

1 1

GGGRERV SELEERE o

Fig. 4.13 the SDRAM access between input and output data buffers

4.2.2 Module design of FSC contraller for 5-CFA with W, method

The algorithm of 5-CFA with "Wy, 1S the same as that of RGBWp,, so the FSC
controller of these two methods are similar. For. 5-CFA with Wi, method, the processl and
process2 are the same as RGBW i, method. So we will only describe the process3 for 5-CFA
with Wi, method.

For RGBWni, method, the color sequence is identical in each frame. But for 5-CFA
with Wi, method, the color sequence is ordered as RGBWR, GBWRG, BWRGB and
WRGBW in four continuous frames. In process 3, we insert an algorithm called state machine
to alternatively vary the color sequence in each field, as shown in Fig. 4.14. By using this
state machine, the counter counts from 00 to 11 in binary. For example, if the counter is 00,

the data in frame buffers will be read out in RGBWR sequence.
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buffers

Fig. 4.14 The color sequence can be changed by inserting a state machine.

4.2.3 Module design of LED controller

As we mentioned before, the current and grayscale are controlled by LED drivers with
DC and GS operations. For DC mode, we should assign 6-bit binary through each channel to
LED driver, and also input a clock, called SCLK, to LED driver. Each 6-bit binary can be
stored in the registers of LED driver at rising:edge of SCLK. After the 96" rising edge of
SCLK, the total binary of 16 output channels with. 16x6bit=96bit width can be stored in the
register of LED driver. Thus, each LED current-can be-controlled.

The LED driver also can control the'lighting period of LEDs by grayscale PWM
operation. We should assign 12-bit binary code for each output channel of LED driver, and
also input a clock, called GSCLK, to LED driver. In addition, we must input a start pulse to
LED driver, called BLANK, as shown in Fig. 4.15. The grayscale PWM cycle starts at the
falling edge of BLANK. The first GSCLK pulse after BLANK increases the grayscale counter
by one, and then the grayscale counter increases by one at each following rising edge of
GSCLK. All output with grayscale values equal to counter values are switched off. Finally, a
BLANK=H signal after 4096 (12bit) GSCLK pulses resets the grayscale counter to zero and
completes the grayscale PWM cycle.

We subtracted one field time (4.16ms for 240Hz field rate) from TFT scanning time and

LC response time, and have 0.65 ms rest time (the detail will be described on the next page).
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Thus, we set the LED flash time to 0.65ms. The clock frequency in the LED driver is 20 MHz,

so the clock cycle is 50 ns. Firstly, we used a 1/16 frequency divider to generate GSCLK.

GSCLK: 20 MHz/ 16 = 1.25 MHz (frequency); 1/1.25 MHz = 800 ns (clock cycle)

Thus, the grayscale counter value is 0.65ms / 800ns = 812.5 (001100101101 in 12-bit binary)
According to above calculation, we set the grayscale value to 001100101101 (813) in

binary. So the LED is switched off when grayscale values equal to counter values 813. Thus,

the LED lighting period can be assigned to 0.65 ms by using grayscale PWM operation.

GS PWM | GspPwMm

XERR

|
BLANK | Cyclen | Cyclen+1
— \ /) e
LR Y |
GSCLK I tun ( Je ths >ie—tyns —‘t: b teug
| 1 2 3 ' | |4035 | I | - |
| | [ twit
ouTo +—\I+ 2 > P [ e I | /
(Current) | i 1 | (( I !
nxtg 7
ouT1 | [ a2 * g I _.} r- (¢ +| ¢ thas* N X1 :
(Current) h /-
o A . |
3 I2 | § I
| | |
|
tpaz + 14 tq P =+ I |
ouT15 t I _ |
(Current) ] \I\ | //_ . |
I -» }1— tpas :
| |
| i
! !

Fig. 4.15 grayscale PWM cycle timing diagram

4.2.4 Simulation and implementation of FSC controller and LED

controller

After designing the FSC controller, we simulated by using RGBW/i, and 5-CFA with
Whin methods and analyze the electric properties, such as TFT scanning, LC response and
LED flashing, as shown in Fig. 4.16 ~ Fig. 4.17. From this simulation results, we can

carefully check the relationship between clock and data in processes 1~3. Furthermore, we

~ 43 ~



also can check TFT scanning, LC response, LED flash, and blank insertion time in each field,
as shown in Table 4.3. If the simulation results are correct, we can implement these FSC
controllers in FPGA to drive the 5.6-inch FSC-LCD with RGBWpj, or 5-CFA with Wi,
methods..

For a 320x240 FSC-LCD with RGBWpi, method, the simulation results are shown in
Fig. 4.16 and Table 4.3. There are four fields in one frame and each field consists of TFT
scanning, LC response, LED flash, and blank insertion time. In this method, the TFT scanning
time is 1.24ms, this result is similar to calculated one in Table 3.1. Due to inserting a black
frame, the total scanning time is 2.51 (TFT scanning time plus blank insertion time), thus the
field time is 4.16ms. If the LC response time and LED flash time are constant, this resolution
is not suitable for 5-CFA with W, method (the field time is 3.33ms). In order to implement
5-CFA with Wy, we change the resolution t0-320x160 for reducing the TFT scanning time
and the simulation result is shown in=Fig. 4.17. There are five fields in one frame and each
field also consists of four parts like RGBW,i,.method. The total scanning time is 1.66ms

(TFT scanning time plus blank insertion time), thus the field time is 3.31ms.
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Fig. 4.16 the simulation result of FSC controller with RGBW i, method
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Fig. 4.17 the simulation result of FSC controller with 5-CFA with Wi, method
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Table 4.3 the field time based on RGBW,,i, and 5-CFA with Wi, methods in a 5.6-inch

FSC-LCD
ol [
320x240 1.24 1 0.65 1.27
320x160 0.84 1 0.65 0.82

In order to achieve such high display frequency, there are two factors needed to be

considered, resolution and LC response. According to the results, the resolution less than
320x240 is more suitable. Second, the LC response time should be of less than 1.5 ms.

Therefore, the mobile-sized display with OCB. m_gde LC is suitable for RGBWp, and 5-CFA

el
e

with Wpin methods. E4d=5,\3

.

e

4.2.5 The specifications of the’5,6-inch FSC-LCD

s

Finally, we uploaded the programs of FSC controller to the FPGA board of our
hardware, as shown in Fig. 4.18, this platform was built by AUO. Following, FPGA board
controlled the LC and LED controllers. Finally, the 5.6-inch FSC-LCD can display images by
using RGBW/i, and 5-CFA with Wi, mehtods, as shown in Fig. 4.19. The defects over the

cover of the FSC-LCD were caused by LC’s defects.
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LED
controller

Fig. 4.18 the control processes in the 5.6-inch FSC LCD platform

Fig. 4.19 the displayed image on the 5.6-inch FSC LCD
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4.3 Experimental results in RGBW,,i, and 5-CFA with W, methods

4.3.1 Static CBU suppression

As | mentioned before, static CBU can be reduced by inserting a W, field to reduce
the intensities of R, G, and B fields. Therefore, we displayed a image by the 5.6-inch
FSC-LCD with RGB and RGBWni, methods, as shown in Fig. 4.20. The displayed image
composed of strong red, grass green, sky blue, and white. We also used a slit to shake in front
of the display, thus static CBU were caused, as shown in Fig. 4.21. In RGB method, stationary
image seemed to break up into R, G, and B color fields on the edge of the slit, especially for a
white image. In RGBWy,;, method, the white image did not cause static CBU. Even for other
colors, the station image only broke up.inte, one color field on the edge of the slit.

Consequently, static CBU can be suppressed by:inserting a W, field.

(b)
Fig. 4.20 The images displayed by a 5.6-inch FSC-LCD with
(a) RGB and (b) RGBWmin methods.
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Fig. 4.21 the static CBU images for (a) RGB and (b) RGBWpi, methods

4.3.2 Dynamic CBU suppression

We used the 5.6-inch FSC LCD and a high speed camera to experiment for dynamic
CBU, as shown Fig. 4.22. If our eyes follow;the moving color-bar and move horizontally,
color break-up phenomenon will appear on retina. Therefore, a high speed moving camera
was utilized to simulate human eyes. Following-shews:the experiment flow.

Stepl: Four specific color-bar images, White, Sky Blue, Strong Red, and Grass Green
were utilized for testing on FSC-LCD.

Step2: High speed camera was been driven at 360 mm/s (moving direction is
perpendicular to display panel), and took 60 pictures per second (exposure time of each
picture is 16.6ms).

Finally, the taken pictures of high speed camera can be analyzed. The experimental
results with and without RGBW i, method are shown in Fig. 4.23. As a result, Dynamic CBU
was eliminated in white image by using RGBWy,;, method. However, dynamic CBU still
appeared in other colors. Therefore, we used a methodology to analyze dynamic CBU of
strong red, grass green, and sky blue images for RGBWpi, mtehod. The methodology,

proposed by Wan-Cheng Yi [23], is to compute the relative contrast sensitivity (RCS) that can
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indicate human senses when seeing the margin of the CBU image. The results of this method
demonstrated that RCS was in agreement with the psychophysical rating, mean opinion score

(MOS) and indistinguishable color break-up angle (InD-CBUA), of the CBU images.

FSC-LCD

360mm/s

E—
! l
High speed camera

(Phantomv5.1)

Fig. 4.22 the experimental construct

(a) White (255,255,255) (b) Sky blue (65,75,163)
RGBWmin RGBWmin

(c) Strong red (186,70,73) (d) Grass green (88,160,87)
RGBWmin RGBWmin

Fig. 4.23 The experimental results with and without RGBW n;n
were taken by a high speed camera.
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We calculated relative contrast sensitivity (RCS) for experimental results (Fig. 4.23), as
shown in Fig. 4.24. RCS was larger; CBU was more serious in this histogram. We compared
RGBW,i» method with the conventional one, dynamic CBU was decreased by 9% ~ 47% by
using RGBWp,i, method. That is why we need to propose 5-CFA with Wy, method for

dynamic CBU elimination.

1.2

0.8

RCS

0.6
B RGBWmin
0.4 7 = RGB

0.2 -

Strong red Grass green Sky blue

color

Fig. 4.24 the histogram of RCS in three color images
by using RGBWy,;, and conventional methods

In order to verify that dynamic CBU can be eliminated by using 5-CFA with Wy,
method, we simulated dynamic CBU for some specific colors, as shown in Fig. 4.25.
According to the simulation results, 5-CFA with Wp,i, method eliminated dynamic CBU for

each color image, only the blur margin appeared.
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Fig. 4.25 the simulation results:of dynamic CBU

[RGB

RGBWmin

Finally, we also used a high speed camera and the 5.6-inch FSC-LCD to track a moving
image, as shown in Fig. 4.22. The experimental flow was the same as that of RGBWpn,
method. In order to integrate continuous four frames, we set the exposure time of the camera
to 1/15 sec. The experimental results for “5-CFA with Wp,;,* are shown in Fig. 4.26. The
simulation results were verified by the simulation one. Therefore, 5-CFA with W, method

eliminated dynamic CBU for each color image, only the blur margin appeared.
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White Cyan Yellow

Fig. 4.26 the experimental results for 5-CFA with Wi, method

4.4 Summary

We have completed the controller and upload to a FPGA board to control a 5.6-inch
FSC-LCD system with RGBW,, and 5-CFA with Wp,j, methods. The FSC-LCD displayed
image at 240 Hz and 300 Hz field frequency...The result indicated that 5-CFA with W,
method with 300 field rate was suitable for mobile-sized FSC-LCD (resolution less than
320x240) with OCB mode LC.

We used the 5.6-inch FSC-LCD and a high speed camera to experiment for static and
dynamic CBU. According to the experimental results, static CBU can be reduced by inserting
a Whin field. We compared RGBWni, method with conventional one, and the results indicated
that dynamic CBU was decreased by 9% ~ 47%. Furthermore, the experimental results

indicated that dynamic CBU were eliminated by using 5-CFA with Wy, method.
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Chapter 5

Conclusions and Future works

5.1 Conclusions

We have demonstrated RGBW,i, and 5-CFA with Wp,, for CBU suppression. The
intensities of R, G, and B fields can be reduced, so static CBU can be effective suppressed,
furthermore, the brightness can also be maintained by inserting a W field. In order to well
suppress dynamic and static CBU simultaneously, we combined RGBWni, with color field
arrangement to proposed 5-CFA with Wy, method. RGBWy,;, and 5-CFA with Wy, were
successfully demonstrated on a 5.6-inch FSC-LCD. The results indicated that a mobile-sized
display (resolution less than 320x240) with ©€B.made LC is more suitable for 300Hz field
frequency.

Finally, we used the 5.6-inch FSC-LCD_and"a high speed camera to experiment for
static and dynamic CBU. According to the experimental results, static CBU can be reduced by
inserting a W, field. We compared RGBW /i, method with conventional one, and the results
indicated that dynamic CBU was decreased by 9% ~ 47%. Furthermore, the experimental

results indicated that dynamic CBU were eliminated by using 5-CFA with W, method.
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5.2 Future works

By inserting a Wmin field in the final field of one frame, the intensities of R, G, and B
fields can be reduced, as shown in Fig. 3.1. Thus, static CBU can be effectively reduced. If
the major colors of an image are composed of cyan, yellow, and magenta, Wmin method will
not useful for static CBU reduction. For example, if the major color of an image is yellow,
and the R, G, B, and W, fields’ images are shown in Fig. 5.1. According to this example, the
intensities of R and G cannot be reduced by inserting a Wmin field. Therefore, static CBU

cannot be effectively suppressed.

Wmin

Fig. 5.1 the R, G, B, and Wmin fields of an image

In the future, we can change the fourth field to cyan, yellow, magenta, or other special
colors. Depending on the image color, we can find out the most suitable color of the fourth
field. For example, if the image is almost composed of yellow, the fourth field will display

yellow. The minimum gray level will be determined from the R and G field, and assign to
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Y min field. Finally, subtract Y mi, from gray level of R and G, thus the new gray levels of R, G,
B, and Ynmin can be determined, as shown in Fig.5. 2. The intensities of R, G, and B fields can
be reduced by using RGBY n,j» method, thus static CBU can be suppressed.

We can use an algorithm to determine all the pixel colors of an image, then analyze
what major color this image is. If the statics of the color is more than M (M can be assigned to

any values), this algorithm will set the inserting field to this color.

Fig.5. 2the R, G, B, and Ymin fields of an image
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