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ABSTRACT (ENGLISH)

In recent year, there are morc and more researches on the low temperature
polycrystalline silicon (LTPS) thin-film transistors (TFTs). That is because the wide
use on the portable system such as digital camera, mobile phone, notebook and so on.
Compared to the conventional amorphous silicon TFTs, the electron mobility of LTPS
TFTs is about 100 times larger. That’s why LTPS technology is suitable to integrate
the driving circuits on peripheral area of display. By realizing the System-on-Panel
(SOP) applications, slim, compact, and high-resolution display can be achieved.

The demand of low power has boosted for various electronic products because of
the development of green technology. These fancy electronic products usually
accompany large use of LCD panels. The research topics and directions of embedded
pixel memory prompt in order to lower the power consumption of LCD panels.
Further, to lower the power consumption of electronic products which contain these

LCD panels in order to satisfy the world standard of green products.
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Besides, the development of SOP urges more and more researches about the
integration of driving circuit on the glass substrate. D/A converter (DAC) is an
essential part for the whole driving circuit. Cyclic DAC has smaller power
consumption than some other kind of DAC, like R-string DAC, current-steering DAC
and so on.

In this thesis, a proposed on-panel digital time-modulation embedded pixel
memory circuit and a two-direction cyclic DAC designed and implemented with the
TFTs on glass substrate has been proposed in a 3-um LTPS process. Also, the pixel
memory circuit has been successfully verified. The average power consumption can
be reduced with this pixel memory circuit. The propose two-direction cyclic DAC
circuit can convert 8-bit digital signal into_corresponding analog value with switching
of the switch capacitor circuit. The cyclic. DAC has smaller area rather than
conventional cyclic DAC, which.means lower power consumption. These two kinds

of circuit can be integrated in the active matrix LCD (AMLCD) panels.

~1V ~



ACKNOWLEDGEMENTS
s

VAL AR Y AR IR AN S B PR E RS
Tef pHE R Ay A RS - BE L PR T g R
Ko oRF R g AR F e FRED - F GRS REOE
PRy SRR R AFR - 28 ¥ MR Rt
R A Rl o

\M

PRty S2AFRITAELTRGF AP 0 B3 NPT EHT RO
PN AR L F RS RER N RS Y AN ER B

B ERIFOE A E L > B A AT e %A AR e, TREEEE 5T
Fou K5 A4 m@«:@x R AL A BB - B R EIT s R

TRRER DL o
ABRREHFTLEY AR ENA] I F Ao 2 F L o T F RN
8 (Fo =

R REA A RE R E H;p;e; ik 4 Ta sk
FEE PP iF Ao dafp A T S
s kT ¥ ié%‘fé“ﬁ’;" PRI RBY DO BREH

AN S IR 2 A
P

Pt AR R TR KRR AT R R FRE C BA Y HRER R
RE PSRN FRT RATPREREF I L2 G g A
FAT O A AN £ o

RHEF - R E'v"l]‘é"aE" » SEE P BavesE 3 Mg £ 3 334
T o P MR REA - Aed e £ 5 TR RAFARpRE F R
FrRoRARIEIDANG N ERFF L PRGE R FpEHYE AT R
e R o

}g‘.gﬁ,ﬁiﬂ' By i A gdFimmiEadd  Bg anize iy
oo B AR - LA RIRARA S R RR TR - AE -

AeTegenp F2AF R o R Y 0 F AR EEA LA RS o B g
F oo R Ak AP A PR R ET R RSB BB AR P
Mo ARG R E R ) T R Adalr Kitty~ ] ~ 2 FEF £ 48 o ;
TR EH BB R LSRR RS B B
et~ F RR CBREFTHREF FA

R
¥

S
P

Fe ¢

o~

T

v T kB BEPARR- Ehw i Mg E AN B LR TR 2

~V ~

Fp e AMLAEY > RABIVAIFGET A FILAP TP AR

N



- o iR RRAEA P E L ek LT E B EEE RS St

AP AR D ir"‘?i’-}!’a};—"

AR A PR 3’ PUBUEIEA S E k- B LA 4 AA AmE
5\"’-#3’-55\‘ V%Z%’@ ’ﬁﬂfﬁ“ﬁ‘; u\.of,g]'b,g\.t;jz_**‘?éa }EJCQ\J#)%
BBy 2 5 {;\ﬁ,\ggg*;rm o

MO i
[ERCTR R
B\EZIF]

~ V]~



CONTENTS

ABSTRACT (CHINESE) c.uoeeeeeeeeeenesnsssssssssssssssssssssssssssssssssssssssssssssssssssesess i
ABSTRACT (ENGLISH) c.ucuiieeeeeeeseceecesssesssssesssssssssssssssssssssssssasasases iii
ACKNOWLEDGEMENTS ...ererteeeenesseseneessssssesesessssssssesssssssesesssssssssensassens v
CONTENTS caeeeereeteneneeessssesesessssssssesssssssssssessssssssssessssssssssessssssssssesessssssssssessnes vii
TABLE CAPTIONS ... eteteeererenreneeesessssesesssssssessssssssssesssssssssessssssssssssessssssnsss ix
FIGURE CAPTIONS ... eeeeereerereeresesseseseessssssesessssssssessssssssssssessssssssssesessssssssens X
Chapter 1 INtrOQUCIION ..vecerueeecereecsnsescnsnsesnsasessassssssassssnsassssasassssasessasssssssssssasassssasess 1
L1 MOtIVALION . ....tieiieeiiieeiie ettt ettt ettt et e et eeebe e beeeabeeseesnseenseesnseenseens 1
1.1.1 LCD Industry and LTPS Technology [1], [2] .ccceeeveeeveeriieniieiieeieeenens 1

1.1.2 The Advantages of the SOP LTPS TFT-LCD Displays [4], [5]............ 3

1.1.3 Low Power Issue in LCDS [7] .ccvveeiiieiiieeciie e 7

L.1.4 SUMMATY ...ooiniiiiiiiiecieeeeee ettt et e e e e 8

1.2 Background Knowledge of TFT LCD ......cccoociiviiiiiiiiiieieeieeeeeeeee e 9

1.2.1 Introduction of Liquid Crystal Displays [8], [9]....ccccceervervierieniieinens 9

1.2.2 Liquid Crystal Display Module Structure............cccccceevveenienieeeeennen. 10

1.2.3 Driving Method [10]...cceiitiiiim ittt 11

1.3 Thesis OrganizZation .uuu.......iiesessiueessseenreesees iantesereeseesseeenseesseesseesssesnseessseenne 14

Chapter 2 Design and Implementation of Time-modulation Pixel Memory

...................................................................................................................................... 15
2.1 INEOAUCHION ...ttt et sttt st 15
2.1.1 Embedded Pixel MEMOTY .......cocueeviiieiieiieeiieiie et 15
2.1.2 Fundamentals of the 1-bit Digital Pixel Memory [11], [12], [13]...... 17
2.1.3 Fundamentals of the Digital Area-modulation Pixel Memory [14], [15]
...................................................................................................................... 18

2.2 Circuits Implementation on Glass Substrate...........ccoceeveriererienieneeneniene. 21
2.2.1 Concept of Time-modulation [16] ........ccceevuieriieiiieniiiiieiecieeeeee, 21
2.2.2 Design of the 6-bit Digital Time-modulation Pixel Memory.............. 22
2.2.3 DISCUSSIONS «.veuveirenieenteriienteetesitenteestesitestesitesseesseeneesaeensesseesseensesseenees 22
2.2.4 SUMMATY ...eeiiiiieiiieeeieeeeiee ettt ee et e st e st e e sbeeesbeeesabeessabeeennseeennne 28

2.3 Experimental RESUILS .........cceeiiiiiiiiiiiiecieeece e 29
2.3.1 Layout Considerations .............eceereeerueenueeeiieenieeeieenieeereenseesveeseesnnes 29
2.3.2 Measurement SETUP.......cocueeeruieerieeerieeeiteesiteesteeesteeesreeesseeenanee e 29
2.3.3Measured Results of the 4-bit Digital Time-modulation Pixel
IMBIMOTY ..ttt et ettt et e st e e st e et e e eabeesntee e 31



2.4 SUITIMATY . .ottt ettt et e et e et e e e e et e e e e eeas 32

Chapter 3 Design and Implementation of Tow-direction Cyclic Digital-to-

ANAIOZ CONVETICT cersrareessreressssssesssssssssassssssassssssssessssssssssasssssssssssssasssssnssssss 33
3.1 INErOAUCHION ...ttt sttt sttt st 33
3.1.1 LCD Panel Driving Circuit [17] ..ccceveveeiiieriieiieeieeieeeee e 33

3.1.2 Digital-to-Analog Converters [18], [19]....cccceeieriiieiieniiiiecieeeeee, 34

3.1.3 SUMIMATY ..ottt et ettt e e e e 37

3.2 Circuits Implementation on Glass Substrate............ccoceeeviverieriienieniieieeee. 37
3.2.1 Circuit Description [20], [21] .cocveeeieiieeiieeie e 37

3.2.2 Design of the Control Circuit and Switches ........c.cccoceeviriiniiieniene. 41

3.2.3 Design of the Operational Amplifier Circuit ..........ccoceeveerveneeriennenne. 44

3.2.4 Simulation and Verification ............cceceeeuierieiriienieeiieeie e 46

3.3 SUIMIMATY ..ttt ettt e ettt e ettt e st e e sabteesabteesabeeesabeeennseeens 50
Chapter 4 Conclusions and Future WOrks ..ccceeeeesseecsssasecssnsecsssnsessnsssssnes 52
4.1 CONCIUSIONS ...ttt s Tiatee e e et ettt eateeieeste et e saeesbeete st e bt enteeaeenees 52

4.2 Future WOrks ........ooveeimiiressesess il ittt s i 52
REFERENCES ... oeeeceiteteeceesasnssesssnstsnsasescassssastossssssssssssasessssssssssasesssnsassasasess 54
VITA eeeeeererercencnrensesce e AR T LT - 8 e vceceneneansesaacaneasansesaansasanseness 57
PUBLICATION LIST aeeeeeiiiiessnsecssssssssssesssssssssssssssssssssssssssssssssssssssssssssssse 58

~ viil ~



TABLE CAPTIONS

Table 2.1 Transistor dimensions of the switches used in the pixel memory circuit....23
Table 3.1 The comparisons table of different kinds of the digital-to-analog converter...

..................................................................................................... 37
Table 3.2 The truth table of the controlling circuit................cocoviiiiiiiiiiiinn 43
Table 3.3 Performance summary for cyclic DAC.............ocooiiiiiiiiiiiiin, 51

~ X ~



FIGURE CAPTIONS

Figure 1.1 Schematic cross-section view of the structure of a LTPS complementary
metal oxide semiconductor (CMOS). (LDD: lightly doped drain)........................ 3
Figure 1.2 System integration roadmap of LTPS TFT-LCD.................cooiiiiinie. 3
Figure 1.3 Comparison of (a) an amorphous silicon TFT-LCD module and (b) a
low-temperature polycrystalline silicon TFT-LCD module.................c.ocooiiii 5
Figure 1.4 The comparison of new SOP technology product and conventional product.
The new 3.8” SOP LTPS TFT-LCD panel has been manufactured by SONY corp. in

2002, . e 5
Figure 1.5 The principle and structure of the photo-sensing display...................... 6
Figure 1.6 (a) The “sheet computer” concept and (b) a CPU with an instruction set of
1-4 bytes and an 8-bit data bus on glass substrate................c.oooiiiiiii 7
Figure 1.7 The roadmap of LTPS technologies leading to sheet computers.............. 7
Figure 1.8 Trends in mobile SOP LCDS........oouiiiiiiiiiiiiiiie e, 8

Figure 1.9 (a) A couple of polarizers with 90° phase error. (b) A couple of polarizers
with liquid crystals...... ..o i e 9
Figure 1.10 The structure of a.TN-LCD (a) while light is passing, and (b) while light

is blocked. a: polarizer; b: glass substrate; ¢: transparent electrode; g: orientation layer;

e: liquid crystal; f: illumination.... .. o i e 10
Figure 1.11 The cross section structure of TFT-LCDpanel...................c.ooeanee. 11
Figure 1.1 The polarity inversions of TET-LCD panel.................ooooiiiin 12
Figure 1.2 (a) The operation waveform of DC modulation driving method and (b) the
operation waveform of AC modulation driving method.........................ooe 13
Figure 2.3 Basic concept of pixel memory technology.............c.cooviiiiiiinnnin 15
Figure 2.2 Power consumption trend of an LCD driver.................cooiiiiiii.. 17
Figure 2.3 Schematic diagram of static memory embedded pixel........................ 18
Figure 2.4 Timing chart from normal mode to still mode........................c...o.. 18
Figure 2.5 Schematic diagram of area-modulation pixel memory........................ 20
Figure 2.6 Time diagram of the control signals...............c.oooiiiiiiiiiiiinn 21

Figure 2.7 Concept of time-modulation...............cooeiiiiiiiiiiiiiiiiiiine, 22
Figure 2.8 Schematic diagram of time-modulation pixel memory....................... 25

Figure 2.9 Time diagram of the control signals...............c.ocooiiiiiiiiiiiiinnn.. 25

Figure 2.10 (a)SO turns on with the digital data “1” for the first cycle in still mode and
(b) S1 turns on with the digital data “0 for the second cycle in still mode and there is
a charge rediStribUtion. .. .. ..ot 26
Figure 2.11 Time diagram of the simulation with Cm=0.3pF............................. 27

~X ~



Figure 2.12 Time diagram of the simulation with Cm=0.6pF............................. 27
Figure 2.13 Photo of the fabricated 4-bit time-modulation digital pixel memory in a
3o T P S 29
Figure 2.14 The measurement setup illustration for Pixel Memory Circuit............. 30
Figure 2.15 Measured result of the 4-bit time-modulation pixel memory (a) SO, S1, S2

and S3 (b) data line, Gn and buffer out................cooiiiiii 32
Figure 3.1 The basic diagram of data driver circuit...............cooeiiiiiiiiiiinn . 34
Figure 3.2 A 6-bit R-string DAC with switch array decoding............................ 35
Figure 3.3 The current-steering DAC... ..ot 35
Figure 3.4 The charge-redistribution DAC. ..o 36
Figure 3.5 Concept of serial charge-redistribution DAC.................coiiiiiinni. 38
Figure 3.6 (a)The basic concept diagram of two-direction cyclic DAC, (b)operation
when sign bit="0" and (c)operation when sign bit="1"....................coiiiiiinnnn.. 39
Figure 3.7 Implementation of two-direction cyclic DAC with Op amplifier............ 40
Figure 3.8 (a)The output waveform with input codes 011111111 and (b) output
waveform with input codes TTTTTTT11.......ooiii i, 41
Figure 3.9 Circuit implementation of two-direction cyclic DAC......................... 43
Figure 3.10 Analog complementary Switehiiiai.. . oila o 43

Figure 3.11 Circuit design of the single-ended two-stage operational amplifier on
glass substrate in a 3-um LTPS technology.............coooo i, 45
Figure 3.12 The simulated frequency tesponse of the single-ended operational
amplifier in open-100p cONdition . ue....ooovniin il 46
Figure 3.13 The simulation result” of this “8-bit cyclic DAC with input codes

OTTT11111 in 3-pum LTPS technology........ooviiiiiiii e 47
Figure 3.14 The simulation result of this 8-bit cyclic DAC with input codes 111111111
in 3-pum LTPS technology.......c.ooiiiiii e 47
Figure 3.15 (a)The definition of the differential non-linearity (DNL) and (b)the
definition of the integral non-linearity (INL).............ccooiiiiiiiiiiiii e, 48
Figure 3.16 Simulated DNL and INL with input codes O11111111...................... 49
Figure 3.17 Simulated DNL and INL with input codes 111111111....................... 50
Figure 4.1. DAC block with gamma COrrection.............oovviiuiiiiiiiiiiiieneenenn, 53

~Xi~



Chapter 1

Introduction

1.1 Motivation
1.1.1 LCD Industry and LTPS Technology [1], [2]

The liquid-crystal display (LCD) industry has shown rapid growth in several
market areas, such as notebook computers, monitors, mobile equipment, mobile
telephones, TVs and so on. When it comes to high-speed communication networks,
the emerging portable information tools are expected to grow in following on the
rapid development of display technologies. Thus, the development of higher
specification is demanded for LCD as an information display device. Moreover, the
continual growth in network dnfrastructures will drive the demand for displays in
mobile applications and flat panels for computer monitors and TVs. The
specifications of these applications” will require* high-quality displays that are
inexpensive, energy-efficient, lightweight, ‘and thin.

Amorphous silicon (a-Si) thin-film transistors (TFTs) are widely used for
flat-panel displays. However, this low field-effect mobility (ability to conduct current)
property limits their application only as pixel switching devices; they cannot be used
for complex circuits. However, the polycrystalline Si (poly-Si) TFTs from excimer
laser annealing (ELA) process relatively exhibits higher electron and hole mobility
functions than the conventional ones. The field-effect mobility of the poly-Si TFTs is
about 100 times of the a-Si.

The high driving ability of poly-Si TFTs allows the integration of various circuits
such as display drivers. For example, to date the function of the external ICs which is

used for driving the pixel directly is integrated onto the peripheral of the glass

~1~



substrate. It leads to a lighter and thinner display and because this technology relaxes
the limit in pitch between connection terminals, it’s suitable for high resolution
display. Moreover, high driving ability of poly-Si can provide larger aperture ratio
because poly-Si TFTs can drive the same current as a-Si TFTs but only occupy small
space.

There are two kind of process, including high-temperature and low-temperature
poly-Si (HTPS and LTPS) TFTs. The process temperature for high-temperature
poly-Si can be as high as 900°C so it needs more expensive quartz substrates, and the
profitable substrate size is limited to around 6 inch (diagonal). And that size limit
constraint to its applications. The process temperature for low-temperature poly-Si
(LTPS) TFTs is less than 600°C, which, would allow cheaper glass substrates. This
makes possible direct-view large-area displays—fot. example, UXGA (ultra extended
graphics array) monitors of up te-15.1 inch (diagonal) with a resolution of 1600 x
1200 pixels.

In addition, LTPS TFTs can be used to manufacture complementary metal oxide
semiconductors (CMOSs) in the same way as in crystalline silicon metal oxide
semiconductor field-effect transistors (MOSFETs). Figure 1.1 shows the cross
sectional structure of a LTPS TFT CMOS. That allows the circuit design in LTPS
process.

LTPS TFT performance is extremely improved in recent year because of the
technology like ELA, ion doping and oxide formation. For those reasons above, LTPS
technology has been applied successfully to not only small-sized displays, but also
medium- and large-screen products. It is the base for high performance TFTs for

active matrix liquid crystal displays.
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1.1.2 The Advantages of the System-on-Panel LTPS TFT-LCD Displays [3], [4], [5]

In recently, there are more and more practical uses for LTPS TFT technology of

forming a part of display circuits on the glass substrate. It has many merits for display

such as compact, high reliable, high resolution and so on. Because of this property,

LTPS TFT-LCD technology is widely used for mobile displays. Figure 1.2 shows the

system integration roadmap of LTPS TFT-LCD [3], [4], [5].
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The main advantage of the LTPS TFT-LCD is the elimination of TAB-ICs
(tape-automated bonding integrated circuits). For a-Si TFT-LCDs, TAB-ICs are
connected to the left and bottom side as the Y driver and the X driver, respectively.
However, integration of the Y and X drivers with LTPS TFTs requires PCB (printed
circuit board) connections on the bottom of the panel only. The PCB connection pads
in LTPS TFTs have size reduction than TAB-ICs connection in a-Si TFT-LCDs. In
addition, the most common failure mechanism of TFT-LCDs is the disconnection of
the TAB-ICs. By using LTPS TFTs, this kind of effects can be therefore decreased
significantly. For this reason, the reliability and yield of the manufacturing can be
improved. Also, because the TAB-IC pitch (spacing between connection pads) limits
display resolution to 130 ppi (pixels per. inch), decreasing the number of TAB-IC
connections by using LTPS TETs can achieve a high-resolution display. A higher
resolution of up to 200 ppi can beachieved by LTPS TFT-LCDs. Therefore, the SOP
technology can effectively relax the limit on the pitch between connection terminals
to be suitable for high-resolution display. Furthermore, because three sides of the
display are now available without TAB-ICs [1], LTPS technology allows more
flexibility in the design of the display system. Figure 1.3 shows a comparison of a-Si
and LTPS TFT-LCD modules. The 3.8 SOP LTPS TFT-LCD panel has been

manufactured successfully and it is shown in Figure 1.4.
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The new 3.8” SOP LTPS TFT-LCD panel has been manufactured by SONY corp. in
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2002.

Figure 1.5 shows there are three kinds of peripheral circuits of the array panel
including signal processor, display driver, and gate driver. The signal processor can
capture and process the photo sensor signals, and then convert them to a suitable form
for display. The converted signals are sent to the display driver and the captured
images can be displayed. Last, the gate driver controls both the pixel TFT and the
sensor circuit. Application to color image capturing has been realized by successively
capturing through red, green, and blue (RGB) color filter, and then synthesizing their

captured image.
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Figure 1.5 The principle and structure of the photo-sensing display.
In the end, it may be possible to integrate the keyboard, CPU, memory, and
display into a single “sheet computer”. The schematic illustration of the ‘“sheet
computer” concept and a CPU with an instruction set of 1-4 bytes and an 8-bit data

bus on glass substrate are shown in Figure 1.6, respectively. Figure 1.7 shows the
~6~



roadmap of LTPS technologies leading toward the realization of sheet computers.

Finally, all of the necessary function will be integrated in LTPS TFT-LCD.

(b)
Figure 1.6 (a) The “sheet computer” concept and (b) a CPU with an instruction set of

1-4 bytes and an 8-bit data bus on glass substrate.
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Figure 1.7 The roadmap of LTPS technologies leading to sheet computers.
1.1.3 Low Power Issue in LCDs [7]

The market for mobile SOP LCDs, including poly-Si TFT LCDs whose circuit
integration levels are relatively low, has been rapidly expanding because SOP-LCDs
have advantages of high resolution, narrow picture frames, low power consumption,
and highly reliable electrical terminal connections. For example, 2.2- to 2.4-inch

QVGA-format ones began to be used in mobile-phone terminals. Figure 1.8 shows the
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trends in mobile SOP-LCDs [7]. As the circuit-integration level progressed, the
driving voltage and design rule should be decreased for low-power consumption and a
narrow picture frame. However, the power consumption of SOP driver circuit tends to
be higher than that of silicon ICs because poly-Si TFTs have higher threshold
voltages and lower mobility, and are fabricated with a larger design rule. This
tendency increases as circuit integration progresses. Therefore, power reduction in

SOP driver circuit is one of the major challenges to expand the SOP-LCD market

further.
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Figure 1.8 Trends in mobile SOP LCDs.
1.1.4 Summary

LTPS technology has many advantages such as high resolution, large size,
low-cost, higher mobility than a-Si process. This technology is thus suitable for
SOP-LCD applications. With SOP-LCD, it may be possible to integrate the keyboard,
CPU, memory, and display into a single “sheet computer”. However, power issue is
an important issue in SOP-LCD applications. Therefore, power reduction in SOP

driver circuit has become one of the major challenges and research topics.
~8~



1.2 Background Knowledge of Thin-Film Transistors Liquid Crystal

Displays
1.2.1 Brief Introduction of Liquid Crystal Displays [8], [9]

There are many kinds of liquid crystal. The twist of liquid crystals can be
controlled by the electric field that is applied across it, liquid crystals are used as a
switch that passes or blocks the light. The polarizer can block or pass the specific light
by changing the phase of the polarizer. There are two polarizers including the first
polarizer called polarizer and the second polarizer called analyzer. If the couple of
polarizers have 90° phase error, the light can be blocked which is shown in Figure 1.
(a). But if we twist the liquid crystal molecule by applying the specific electric field
across it, the light still can pass.the polarizer.. This is because the direction of liquid
crystal molecules varies with ‘electric field and it can guide the light along the long

axis, shown in Figure 1. (b).
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Figure 1.9 (a) A couple of polarizers with 90° phase error. (b) A couple of polarizers
with liquid crystals.
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Figure 1.10 The structure of a TN-LCD (a) while light is passing, and (b) while light is
blocked. a: polarizer; b: glass substrate; c: transparent electrode; g: orientation layer; e:

liquid crystal; f: illumination.

In Figure 1.1 (a), it shows a pixel of a transmissive twisted nematic LC-cell
without voltage applied. The white backlight f passes the polarizer a. The light leaves
it linearly polarized in the direction of the lines in the polarizer. In this case, the
analyzer is crossed with polarizer. The light can pass the analyzer without applied
voltage and the pixel appears white. This operation is called the normally white (NW)
mode.

If a voltage V¢ of the order of 10 V is applied across the cell, as shown in
Figure 1.1 (b), all molecules aligned parallel to the electric field. In this situation, the
wave is polarized in the same direction as at the input. Therefore, the analyzer blocks
the light and the pixel appears black. This is called the normally black (NB) mode.
1.2.2 Liquid Crystal Display Module Structure

The cross section structure of TFT-LCD panel is shown in Figure 1.11. There are
two parts of liquid crystal filled in the center of LCD panel including TFT array
substrate and color filter substrate. A backlight module contains an illuminator and a

light guilder because liquid crystal molecule cannot light by itself. Usually this part
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consumes the most power of the system. There are a polarizer, a glass substrate, a
transparent electrode and an orientation layer in TFT array substrate. In color filter
substrate, it is composed of an orientation layer, a transparent electrode, color filters, a
glass substrate and a polarizer. Transparent electrodes can control the directions of
liquid crystal molecules in each pixel by voltage supplied from TFT on the glass
substrate. Color filters contain three original colors, red, green, and blue (RGB). The
degree of light called “gray level” can be well controlled in each pixel covered by

color filer to get more than million kinds of colors.
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Figure 1.11 The cross section structure of TFT-LCD panel.
1.2.3 Driving Method [10]

Liquid crystal molecules need to do inversion because the DC blocking effect and
the DC residue (stick image) will be appeared under a fixed voltage in the long period.
Therefore, the electric field polarity should be inversed every period to avoid the
destruction of liquid crystals. The torque caused by electric filed is related to the
magnitude of electric filed instead of the polarity of electric filed. Therefore, the

polarity of electric filed would not affect the twisting of the liquid crystal molecules. If

~11 ~



the electric field across liquid crystals is changed into two polarities (positive and
negative) with the same magnitude alternately, the frame picture can still be kept on
the same gray level. If electric field is higher than common mode voltage the polarity
is called positive polarity, otherwise it is called negative polarity. By this way, the
liquid crystal molecules can avoid defection under the applied voltage with same
magnitude. From the description above, the polarity inversions of LCD panel can be
divided into four general types: frame inversion, row inversion, column inversion, and
dot inversion which are shown in Figure 1.4 [10]. Dot inversion is the major driving
method of LCD panel because by this method, we can achieve to higher quality image
due to the reduction in both horizontal and vertical cross-talk. The flicker of image also
can be reduced due to the spatial averaging of pixels. But the price of this method is an
increase of the power consumption due to,the line inversion component. This method
is also incompatible with common voltage modulation.

Based on the operational type of common mode voltage, the driving method can
also be classified into DC modulation driving and* AC modulation driving which are
shown in Figure 1.13. DC modulation driving method would keep its common voltage
on a constant level. However, the common mode voltage of AC modulation driving
method is not a constant level, is a period voltage. DC modulation driving method can
eliminate the crosstalk and flicker; however, this driving method will cause more
power consumption. AC modulation driving method can lower the power dissipation

in data driver, but only frame and row inversion are available for this driving method.
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Figure 1.4 The polarity inversions of TFT-LCD panel.
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1.3 Thesis Organization

The fundamentals and realization of the time-modulation pixel memory are
discussed in chapter 2. Then, the concept and simulation results of the two-direction
cyclic DAC are discussed in chapter 3. In the last chapter, the conclusions of this

thesis and the future work are stated.

~14 ~



Chapter 2

Fundamentals and Realization of

Time-modulation Pixel Memory
2.1 Introduction
2.1.1 Embedded Pixel Memory

The LCD frame can be separated into normal mode and still mode. The normal
mode is that the frame of LCD is changing continuously. The still mode means that
the frame of the LCD is static. However, conventional LCD driver produces data and
sends it into pixel through data line even these data are all the same because it is a
static frame. The concept of the embedded pixel memory is that the LCD is driven by
only the pixel circuit when displaying .a, still. image. This means that no charging
current to the data line, which has a large load capacitance, is required. And only a
small charging current to the pixel capacitor is necessary. This results in an

ultra-low-power operation. Figure 2.1 shows the basic concept of pixel memory

technology [3].
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Figure 2.6 Basic concept of pixel memory technology.
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Figure 2.2 shows the power consumption trend of an LCD driver with various
resolutions [3]. With this pixel memory technology with reflective color LCD
technology, a very attractive display having an ultra-low-power characteristic as well
as high image quality can be realized. Also, it has low-cost property because the
frame memory is integrated in the display. The total power consumption of an LCD
module is actually dominated by the lighting system such as a frontlight and a
backlight. Therefore this pixel memory technology should be applied to a reflective
LCD or a transflective LCD. In a reflective LCD, the pixel memory circuit can be
effectively integrated under the reflective pixel electrode without any optical loss. The
power consumption remains very low in most case. However, the LCD requires a
frontlight system when it is used in a_yery low ambient light environment, which
results not only in a high consumption of power but also degrades the image quality
even in a normal environment. In-a transflective LCD, the above problem relating to
the image quality can be solved. 1A backlight system can be used instead of a
frontlight for very low ambient light conditions: Also, it can have two different
operating modes in normal ambient light conditions; an ultra low power mode which
is operated by the pixel memory circuit without a backlight, and a high picture quality
mode which is operated by the pixel memory or conventional driver circuit with the
backlight turned on. The drawback is that the transmissive aperture area is limited to

some level, according to the display specifications and the process technology.
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Figure 2.2 Power consumption trend of an LCD driver.
2.1.2 Fundamentals of the 1-bit Digital Pixel Memory [11], [12], [13]
Recently, several researches
of the low-temperature polycrys I'PS) TFT LCDs for small size and
portable electronic equipments ese arefocused on the reducing the driving
frequency of LCD panel for low powe sumption in the still image. Since the
embedded memory circuits using LTPS TFTs in the pixel can display the still image
without driving the data line from the data driver. There are two memory types to
memorize the video data for display the still image in the pixel. One is using a
dynamic memory. And the other is using a static memory circuit as shown in Figure
2.3, its pixel consist of pixel switch, one latch contain the digital data to express still
image, and two switched to select binary data of latch. Since each pixel have either
black or white, this panel was able to display 1-bit RGB(8 color) image in still mode.
Figure 2.4 shows the operation of this pixel from normal mode to still mode. At
normal mode, Contl and Cont2 are low to cut the electrical path between pixel

electrode and latch (SRAM1) and this pixel is driven as conventional pixel. In pre-still
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mode, all latches in the panel ate programmed and memorized their own data. Then,
in still mode, data driver and gate driver are turned off and pixel is driven by
contained data in latch. Contl, Cont2 and common electrode signals are alternated to
reverse the voltage polarity applied at LC in every frame time. Therefore, driver
circuits on the glass substrate and the controller IC consume almost nothing and its
panel only consumes little power to drive control signals (Contl and Cont2) and

power caused by leakage current in the latch in the still mode.
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Figure 2.3 Schematic diagram of static memory embedded pixel.
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Figure 2.4 Timing chart from normal mode to still mode.

2.1.3 Fundamentals of the Digital Area-modulation Pixel Memory [14], [15]
The basic concept of the area-modulation is that dividing one pixel into binary
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weighted area and controlling each divided area to be black or white. With dividing
the pixel into six parts, this panel was able to display 6-bit RGB(64 color) image in
still mode. Figure 2.5 shows the schematic diagram of this 6-bit area-modulation pixel
memory [15]. This pixel memory circuit contains one latch, a 6-bit DRAM and two
TFTs as controlling transistors.

Figure 2.6 shows the time diagram of the control signals. At normal mode, POLA
and POLB are low to cut the electrical path between pixel electrode and latch
(SRAM1) and this pixel is driven as conventional pixel. In pre-still mode, all latch in
the panel ate programmed and memorized their own data. SO~S5 turns on in turns to
store the corresponding digital data into the DRAM. Then, in still mode, data driver
and gate driver are turned off and pixel is driven by contained data in latch. SO~SS,
POLA, POLB and common electrode signals. are alternated to reverse the voltage
polarity applied at LC in every frame time. Therefore, driver circuits on the glass
substrate and the controller IC-consume almost nothing and its panel only consumes

little power in the still mode.
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2.2 Circuits Implementation.on Glass Substrate
2.2.1 Concept of Time-modulation [16]

This section explains basic concept of the time-modulation way for the
embedded digital pixel memory. Figure 2.7 illustrates the main idea that how the
time-modulation is used to build up the memory circuit. Except for the
area-modulation that mentioned on 2.1.3 can produce different gray levels by dividing
one pixel into several areas which is binary weighted and control each area to brighten
or not, the time-modulation is another way to produce gray levels. When the high
voltage is given to the pixel electrode for different time width in a constant time
interval, it can be observed that different time width that the pixel electrode is given to

high voltage, the different gray level that the pixel will show.
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Figure 2.7 Concept of time-modulation.

Based on this concept, the gate time width that is opened for one pixel to read the
data for data line is designed to be divided into binary weighted, 8:4:2:1, for 4-bit. By
controlling each time interval voltage high on not, the different gray levels can be
mixed. In this work, we design.the pixel memory based on 2.8” QVGA TN LCD. The
frame time of this LCD is 16.7ms, so the gate line time width is 16.7ms/320 = 52us.
2.2.2 Design of 4-bit Digital Time-modulation Pixel Memory

This section presents the design of the 4-bit time-modulation pixel memory
circuit which is embedded for each pixel. Figure 2.8 shows the schematic diagram of
the pixel memory which contains a latch, a 4-bit DRAM and two switches, M2, M3,
deciding whether to do inversion or not. This design is similar to the area-modulation
design; however, this design does not have to divide the pixel into several parts which
can decrease the aperture for the LCD panel. Figure 2.9 shows the control signal with
time-modulation for this design. In pre-still mode, the control signals (i.e. SO~S3) turn
on the switches of DRAM (i.e. M8~M11) in turns to store the corresponding digital
value for each time interval into the 4-bit DRAM with M2 on and M3 off. Then, at the
next cycle, the pixel goes into the still mode which means M1 is off and the pixel

memory circuit has to produce the time-modulation digital signal for the Lc node
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without providing data from driving circuit.

In still mode, when inversion is needed, M3 will turn off and M2 will turn on. In
that case, the digital data stored in DRAM will produce an inverting digital data
through one inverter (i.e. M4 and M5) at node Lc. And because control signals
(S0~S3) can turn on the switches of DRAM for corresponding time width (i.e. 8:4:2:1)
due to the concept of time-modulation technique, the inverting data will be produced
at Lc node for corresponding time width. The latch can lock up the digital value in
case the value stored in DRAM might be changed when the switch of DRAM is
turned on. This design is based on AC modulation driving method. When doing the
inversion, Vcom will be 5V; otherwise, it will be OV.

With M2, M3 turns on alternatively, the pixel memory circuit can do normal
operation and inversion without reading the data from driving circuit. The size of
these switches is shown in Table2:1. For a smaller area, it’s better to design the size
of switch as small as possible, but in this design, the switch size of DRAM (i.e.
M8~M11) is designed larger (m=5) to make sure the switch has smaller resistance

while reading or writing digital data from DRAM.

Name Type Size Fin (m)
M1 nTFT | 3um/3 pm 1
M2 nTFT | 3um/3 pm 1
M3 nTFT | 3um/3 pm 1

M8~Mi11| nTFT |3pm3pm | 5

Cm Cap 0.6pF

Table 2.1: Transistor dimensions of the switches used in the pixel memory circuit.

The capacitance value of DRAM is also important in this design. When there is a
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digital value change, there might be the charge redistribution between Cm and Clc.
For example, there is a digital value “1” at node Lc and the value should be changed
to “0” in the next cycle because the second capacitance of DRAM stores the digital
value “0” as shown in Figure 2.10. The charge on the Cm and Clc will redistribute
and if the value of Cm is too small, the latch might lock up with wrong digital value
and the digital value stored in DRAM might be changed. In addition, lager
capacitance can diminish the effect from clock feed-through. When the control signals
(S0~S3) swing, there might be some voltage coupling on capacitance of DRAM. If
the capacitance value of DRAM is large enough, the voltage coupling from clock can
be ignored. For the reasons above, the larger capacitance of DRAM can prevent data
changed from charge redistribution and_ clock feed-through; however, larger
capacitance also brings smaller. aperture. for the pixel and that will be a trade off
whiling designing the value of capacitance. From simulation, it can be found that the
value of DRAM capacitance must be larger than 0.5pF, or this pixel memory circuit
will not work in still mode. To take €Cm=0.3pF as an example, it can be observed that
the digital value is wrong in still mode as shown in Figure 2.11. That is because the
digital data stored in DRAM are changed due to the charge redistribution with too
small Cm. So in this design, Cm is designed to be 0.6 pF to make sure there is no
effect from charge redistribution and make the area of the pixel memory circuit as
small as possible.

A test pattern and its simulation timing chart are shown in Figure 2.12. The test
pattern is given as “l010” for 4 bits. The Lc node is shown as “0101” when M3 is on
which means the inversion has been done successfully. By such simulation, this
circuit is successfully verified. In the pixel memory design, the data stored by digital
memory is more reliable than analog memory. And proposed time-modulation

memory has a smaller area than area-modulation pixel memory.
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Figure 2.10 (2)S0 turns on with the digital data “1” for the first cycle in still mode and

(b) S1 turns on with the digital data “0” for the second cycle in still mode and there is a

charge redistribution.
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Figure 2.12 Time diagram of the simulation with Cm=0.6pF.

2.2.3 Discussions

According to simulated results, the power consumption of the proposed circuit in

still mode is 0.24 uW per pixel. The scan driver and data driver are not included in the

proposed circuit for power consumption simulation due to the limited resource, such
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as chip area. However, by storing the frame data and generating its corresponding
inversion data to refresh the static image without activating the data driver circuit, the
power consumption of the proposed circuit can be reduced.

Also, the aperture for the LCD panel in the proposed circuit is higher because the
occupied area from complicate routing for each binary-weighted pixel can be further
decreased. The area impact is one of the most important issues in the proposed circuit.
Since the time-modulation technique is utilized in the proposed circuit, the desired
gray levels can be displayed by applying high or low logical voltage on the pixel in
different time widths in a fixed time period. Therefore, the pixel is not needed to be
divided in a binary weighted way as mentioned in area-modulation, which means the
occupied area from complicate routing for each binary-weighted pixel can be further
decreased, and the aperture for 'the LCD, panel can be increased in the proposed

circuit.

2.2.4 Summary

In this section, the concept of pixel memory circuit has been described. A 4-bit
time-modulation pixel memory is designed and simulated in 3-um LTPS technology.
A 4-bit test pattern is given and the inversion can be done with the pixel memory

circuit without the LCD driving circuit.
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2.3 Experimental Results
2.3.1 Layout Considerations

The chip performance is often affected by the layout. At first, in order to reduce
the sensitivity to process variation on capacitances of DRAM, the layout of these
capacitances is aligned closely For the same reason, the switches layout is also put
together to diminish the distortion or other errors caused by the process variation.

Figure 2.13 shows the photo of the fabricated 4-bit time-modulation digital pixel
memory in a 3-um LTPS. To prevent the parasitic capacitance of measurement
equipment, about 10p, this layout adds a buffer for the output LC node.

The test chip size is 306pum x 465um. It contains DRAM, switches, Clc and
buffer. Then, the measured results will be i:'icussed detailed in the next section.

465um
- o

A

306pm

\J

Figure 2.13 Photo of the fabricated 4-bit time-modulation digital pixel memory in a
3-um LTPS.
2.3.2 Measurement Setup

The measurement setup is shown in Figure 2.14. Keithley4200 Dual Pulse
Generator can produce clock signal waveform, which is high to 9V and low to -5V. It

can also edit the waveform when to rise or fall down so that it can produce both
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periodic and non-periodic waveform. Gn, data signal, SO~S3 are produced by it.

GPS 4303 DC Power Supply is a DC power supply which can provide separated
pairs of power supply and ground where the supply voltage Vdd is 5 V and ground
Vssis O V.

Agilent 81110A is pulse/pattern generator which can provide a pair of
non-overlapping clock signals which is square waveform. It needs 81110A to generate
POLA and POLB. To synchronize these two 81110A and Keithley4200, Agilent
33220A Function/arbitrary waveform generator is needed to be a reference clock. By
connecting these three machines with one reference clock signal, these three machines
can produce synchronized signal waveform.

SDO603A Oscilloscope shown in Figure 2.14 is a digital phosphor oscilloscope
using to detect and display the signal wayeforms.

The pixel memory circuit'is designed on glass substrate and all of its input/output
signals are bounded to the flexible printed. circuit (FPC) pads and then connected to

the PCB (printed circuit board) at the right hand side of Figure 2.14.

Keithleyd200 Dual Pulse Generator Tist panal
Agilent 332204 functionarbitrary "'3" (e s i
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wavelarm generalon 8083 [ ﬂ l"
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O&060344 Oscilloscope
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Figure 2.14 The measurement setup illustration for Pixel Memory Circuit.
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2.3.3 Measured Results of the 4-bit Time-modulation Pixel Memory Circuit

Figure 2.15 (a) shows SO and S1 and Figure 2.15 (b) shows S2 and S3. In order
to follow the concept of time-modulation, the duty cycle of SO is twice of S1, and
duty cycle of S2 is twice of S3. During Gn is on, data line produces the test pattern
“1010”. Because large parasitic capacitance of measurement equipment will affect
node LC, a buffer is added to LC node for measurement. As a result, output of buffer,
buffer out represents the waveform of LC node. Figure 2.15 (c) shows Gn, data line
and buffer out. LC node can do inversion by itself as Gn is off to show the pattern

“10107, “0101” alternatively.

(@)
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Figure 2.15 Measured result of the 4-bit time-modulation pixel memory (a) SO, S1, S2

and S3 (b) data line, Gn and buffer out:

2.4 Summary

A 4-bit time-modulation pixel memory is designed, simulated and verified in
3-um LTPS technology. A 4-bit test pattern is given and the inversion can be done
with the pixel memory circuit without the LCD driving circuit. The power
consumption of the proposed circuit in still mode is 0.24 pW per pixel. The
measurement results show the pixel memory circuit can display 4-bit digital data and
its inversion data on LC node alternatively when Gn is closed.

Thus, the proposed time-modulation pixel memory circuit has been successfully
designed and realized in a 3-um LTPS technology, and that is suitable to be further

integrated with display panel to reduce the power consumption.
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Chapter 3

Fundamentals and Realization of Two-direction

Cyclic Digital-to-Analog Converter

For the first time, the cyclic digital-to-analog converter (DAC) is simulated in
3-um LTPS process as a part of the LCD driving circuit. The concept of the cyclic
DAC used in LCD driving circuit is described in the following section. Also, the
design for each block of cyclic DAC is discussed in this chapter. Finally, the
performance of the cyclic DAC designed in 3-um LTPS process can be discussed from
simulation. In this work, the DAC is designed for the driver of the 2.8” QVGA TN
LCD mentioned in chapter 2. That means the DAC should convert the digital codes
into analog value in 52ps. To take the time for.buffer into account, the DAC needs to
convert one bit per 4 pus.

3.1 Introduction
3.1.1 LCD Panel Data Driving Circuit [17]

In Figure 3.1, there are several blocks which consists the data driver including
shifter register, data latch, level shifter, digital-to-analog converter (DAC) and analog
output buffer [16]. For the first three parts, they can process the digital data from video
signal so that they are classified as digital architectures. Shifter register (S/R) and data
latch manage to transit and store the RGB signals. The level shifter (L/S) is applied to
translate the RGB signal to a higher level voltage.

For the other two parts, the DAC can convert the digital data into analog signal
which makes LCD pixel display with different gray levels and analog output buffer has
the ability to drive the large RC load in LCD panel. So the DAC and output buffer are
classified as analog architectures. There are many types of structure for DAC. The pros

and cons for each structure of DAC will be discussed in the next section.
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3.1.2 Digital-to-Analog Converters [18], [19]

Digital-to-Analog (DAC) circuit takes an important role in data driving circuit as
mentioned in last section. There are many types of structure for the DAC circuit. In
this section, the pros and cons of these DAC circuits are illustrated and discussed.
R-String DAC with Switch Array Decoding

The R-string DAC circuit is a conventional DAC used in LCD data driving
circuit. This structure is simple and easy for gamma correction design. A 6-bit
R-string DAC circuit is shown in Figure 3.2. However, it needs larger area for the
switch array as the resolution of DAC goes higher. The larger area means the power
also goes higher when the area of switch array is becoming larger and larger due to
the high resolution DAC. In addition, because of the huge switch array, the loading at
the output node (Vout) is also becoming larger which means more power is needed to

drive the load at the same speed.
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Figure 3.2 A 6-bit R-string DAC with switch array decoding.

Current-Steering DAC

The concept of current-steering DAC is to switch currents to either the output or

to ground, as shown in Figure 3.3. The output current is the combination of binary
& xt‘ LA -_.f L,

weighted currents which are deter,mmed by 1@ut dlgltal codes. This output current

i

can be converted to a voltage through alljesllsfo,r (RF) ’Ehls type of DAC can operate at

high frequency because of its -curreml;,ype hewever thls structure might suffer from

iy ¢
" .\.«, et bt

@
large glitches due to timing skew$ In addition, du,é to the current mode operation, it

'..':_..]n'.-

might consume lot of power.
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Figure 3.3 The current-steering DAC.
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Charge-Redistribution DAC
The concept of the charge-redistribution DAC is using the switch capacitor (SC)

circuit to convert digital codes to analog output. There is one kind of
charge-redistribution DAC shown in Figure 3.. In this circuit, there are two phases in
operation. For first phase (¢;), all capacitor bottom plates are connected to a reference
voltage and top plates are connected to ground. For the second phase (¢,), capacitor
bottom plates are connected to a reference voltage or ground according to input digital
code. This circuit structure has some advantages like the process matching for
capacitor is better than resistor string and this charge-redistribution DAC can save

more power because it has no DC path in the circuit.

[é lé}%

urel - #

Figure 3.4 The charge-redistribution DAC.

In recent years, due to the digital gamma control, a linear DAC became possible.
The digital gamma control was generalized for satisfying both higher resolution and
RGB independent gamma control in high-performance application. That makes the
linear DAC like current-steering DAC and charge-redistribution DAC are possible to
be used as the LCD data driving circuit.

In this work, a cyclic DAC is simulated as the LCD data driving circuit. It is a
kind of charge-redistribution DAC with serial operation. It is very attractive that the
area of DAC is independent of its resolution because the architecture converts one bit
at a time. However, it needs non-negligible conversion time, so this problem must be
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solved using single output over two DACs or pipelining operation.

3.1.3 Summary

From the description above, the characteristics about many kinds of the DAC
circuits can be summarized to a table, as shown in Table 3.2. There are many
characteristics of those DAC in this table, like: operation speed, power consumption,
area, and the complexity of design and layout.

For the low power consideration and small area purpose, the cyclic DAC (i.e.

serial type charge-redistribution DAC) is designed and simulated in 3-um LTPS

process.
.. Process Number | Settling
Circuit Type . . Power Area
Technology | of Bits Time
R-DAC with 0.2x
binary-tree decoder 0.35um 10 3us N/A 1.26mm?’ for
[22] 4 channels
Charge-redistribution 1 7042><2 62
0.35um 10 7us 4uA/Channel mm- for
DAC 420 channels
Charge-redistribution 16.5%
DAC (Serial type) N/A 12 15ps | 5puA/Channel | 0.9mm? for
[20] 420 channels

Table 3.2 The comparisons table of different kinds of the digital-to-analog converter.

3.2 Circuits Implementation on Glass Substrate
3.2.1 Circuit Description [20], [21]

The cyclic technique is based on the serial DAC shown in Figure 3.5. The
conversion begins with both capacitors discharged and is accomplished serially by
considering the least significant bit 5, first. If this bit is a one, S2 is closed
momentarily charging C2 to VRrer; if it is a zero, C2 is left discharged. Switch S1 is

then closed momentarily giving a voltage Vout of
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o = [—b”?” ] (3.1)

Leaving the charge on C1, the pre-charging of C2 is repeated, this time considering

the next least significant bit b,. After redistribution, the output voltage is

— bOVREF + blVREF (32)
out 4 2

This repetitive procedure has the effect as the nth redistribution of driving the existing

charge on C1 by two and adding a charge of

b'VREF
L REF 33
5 (3.3)
So that for an n-bit D/A conversion
n—1 i
v, =S 2 (3.4)
o 2
where N is the bit numbers.
S2
vR.EF _\\
S3 S1
A% A 5
- :
- vl:lLlT

.1'32 C1
L

Ci=C2
Figure 3.5 Concept of serial charge-redistribution DAC.

The basic concept of the two-direction cyclic DAC is that only one DAC could
convert digital data into upper and lower analog value. The sign bit of digital data is
needed to switch the mode of the cyclic DAC to decide converting upper or lower.
Figure 3.6 shows the basic concept of two-direction cyclic DAC. When the sign bit of
digital data is “0”, Cx will sample the positive Vref or zero, which depends on the
digital data is “1” or “0”, on it and redistribute the charge in the next cycle. Figure 3.6
(b) shows how the DAC works when the sign bit of digital data is “0”. But when the

sign bit of digital data is “1”, Cx will sample the negative Vref or zero, which depends
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on the digital data is “1” or “0”, on it and redistribute the charge in the next cycle.

Figure 3.6 (c) shows how the DAC works as the sign bit of digital data is “1”.

l High sampding distribution
r 5w 5W Vo
-I : x .M- n
.._‘
Lo
é —_ Analog
Cx == Cv 5= Owtput
l Higrh
L 3
3 {
Vre L :I o “ “\
- h sampling distribution
- SWz SW2 7
T Lo
(a)
$\"rﬂ
— T L .[ :
Wred Ca Cy Cn Cy {a)Wrat

H

sampling distribution

Vraf v é

sampling distribution

()
Figure 3.6 (a)The basic concept diagram of two-direction cyclic DAC, (b)operation

when sign bit="0" and (c)operation when sign bit="1".
Figure 3.7 shows how the concept of the two-direction DAC is implemented. A

negative feedback operational amplifier is used to integrate the analog voltage on Vo
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node. At the same time, due to the negative feedback configuration, two inputs of the
operational amplifier is virtual short to the AC ground. As the concept mentioned,
when the sign bit of digital data is “1”, Cx will sample the negative Vref or zero, and
when the sign bit of digital data is “0”, Cx will sample the positive Vref or zero.
Sampling switches and distribution switches close in turns to integrate the targeted
analog value on output of operational amplifier, Vo.

The Vref of this two-direction cyclic DAC is designed to be 4V and from the

equation 3.4, for an 8-bit D/A conversion,

1 2V,
Vum=; i (3.5)

From equation 3.5, the output waveform under the 8-bit code 11111111 (255) is shown
in Figure 3.8. In Figure 3.8, if the sign bit bnis ‘0’, the DAC would convert the digital
code to analog data in up direction; however, if the sign bit bn is 1°, the DAC would
convert the digital code to analog data in down direction.

Because the 8-bit data should be converted in 52us, which is the gate time width
of the pixel in 2.8" QVGA, the conversion time of the 8-bit data is designed to be
32 us which means that it takes 4 us to convert one bit. With the reason of that, the

operation frequency of the switch should be 250 kHz.

| High sampling distribution
- 5WH1 5w
[ o My My
|
Cx == Cy ==
b AN p v
sampling  distribution ke
5W2 S5w2 L.

Figure 3.7 Implementation of two-direction cyclic DAC with Op amplifier.
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Figure 3.8 (a)The output waveform with input codes 011111111 and (b) output

waveform with input codes 111111111.
3.2.2 Design of the Control Circuit and Switches

To fulfill the design shown in Figure 3.7, the clock signal and the controlling
circuit is needed as shown in Figure 3.9. The reset signal makes sure the output of the
operational amplifier is as same as two inputs of operational amplifier to the AC
ground before every 8-bit input data. Ctrll and Ctrl2 are designed to decide the
sampling configuration with sign bit (i.e. bn) and data bits (i.e. bi). Cx must be equal

to Cy, so that the redistribution process can divide the voltage by exact two. The
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output of the buffer is vo node.

The switches are designed as complementary Switch (Transmission Gate). The
schematic of complementary switch is shown in Figure 3.10. This switch consists of one
pTFT switch and one nTFT switch. These switches are used to prevent Vt drop from input
voltage Vin to output voltage Cout. The two control signals (i.e. Clk and Clk_b) can turn
the switch fully ON or OFF. The on-resistance (when the switch is fully ON, so that input

= output) is given by the formula:

R - 1 (3.6)

o /4 w /4 w
Iuncox (f)n (VDD - VT,n) - [lLlnCox (f)n - Iupcox (f)p ]Vm - IupCox (f)p ‘VT,p‘

And the relation between accuracy and RC time constant of switch is given by:

t, =RC ln(l) (3.7)
5
where ¢ 1s sampling time and ¢is the accuracy. Because the switch should be

operated at 250 kHz, for the 0.1% accuracy, the time constant R C should be less

than 0.29 us.
The controlling circuit is aimed for controlling the cyclic DAC circuit to sample
positive Vref, negative Vref , or zero with the digital values of sign bit (i.e. bn) and

data bits (i.e. bi). If bn =0, bi = ‘1°, then Ctrll = ‘0’ and Ctrl2 = “1°. The DAC

circuit will sample a ¥, - V, , positive Vref. If bn = ’0’, bi = 0°, then Ctrll = ‘1’
and Ctrl2 = “1°. The DAC circuit will samplea V' - V., zero value. However, If bn
=’1°, bi = ‘1’, then Ctrll = ‘1’ and Ctrl2 = ‘0’. The DAC circuit will sample a V-
V', negative Vref. If bn = ’1’, bi = “0°, then Ctrll = ‘1’ and Ctrl2 = ‘1’. The DAC

circuit will sample a V¥, - V', zero value. Table 3.2 shows the truth table of the

m 2

controlling circuit.
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Figure 3.9 Circuit implementation of two-direction cyelic DAC.
Clk
R —
Vout
Vin
Cload
Clk_b 'I'
Figure 3.10 Analog complementary Switch.
Sampling
bn bi Ctrl1 [ Ctrl1_b | Ctrl2 | Ctrl2_b
Voltage
0 0 1 0 1 zero
0 1 0 1 1 positive Vref
1 0 1 0 1 zero
1 1 1 0 0 negative Vref

Table 3.2 The truth table of the controlling circuit.
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3.2.3 Design of the Operational Amplifier Circuit
In order to achieve an N-bit linearity, requirements on opamp can be determined.

In the cyclic DAC circuit, for the open loop of the opamp, the static error &g is given:

1 1
Eg=—1— 3.8
ST a (3.8)
C.+C .. . . .
where « =—————_C_ denotes the parasitic capacitance associated with the
c.+C,+C, "

opamp’s negative input andC, = C, . The DC gain is given by:

A >L.

>t (3.9)
&

When it comes to the speed requirement for the opamp, the dynamic error is given by:
&, =exp(—a-2x-GBW -t,) (3.10)

where ¢ is the transition time. The required GBW ¢an be found from:

o \ &

GBW>L1n(ij 3.11)

where ¢ :ﬁ. By choosing ¢, =&, =0.05%, the DC gain should be larger than

c

66 dB and the GBW of the opamp is about 3x f, =750 kHz.

Figure 3.11 shows the topology of the opamps used in the cyclic DAC.
Compared to a single-stage amplifier, a two-stage amplifier can achieve much higher
gain, and larger output swing requirement. The single-ended two-stage configuration
consists of a telescopic first stage followed by a common-source second stage. In this
design, in order to enlarge the output swing, the M9 and M10 are added as the level
shifter between the first and second stage. To ensure closed-loop stability, the parasitic
pole created by the second stage in a two-stage amplifier needs to be pushed beyond
its closed-loop bandwidth. The parasitic pole is located approximately at g, ./C,,

where g . is the transconductance of M6, and C, is the effective load capacitance
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at node vo. The standard miller compensation has a pole-splitting effect, which moves

one pole to a lower frequency and the other to a high frequency. n this work, the
Miller compensation technique with nulling resistor (i.e. R.) is adopted as frequency

compensation circuit, which can provide a negative zero as
1
2= (3.12)
(—=R)Cc

mo6

1
gm6

If Rc is greater than , the zero would move into the left half-plane (LHP), which

can provide positive phase shift at high frequency region and consequently to improve

the phase margin of this output buffer. The simulated frequency response is shown in

Figure 3.12.
vdd P
Mb1 M5
M7
" n
vip
L vin _.4[121 Mz | p—
Mb2 M1A
R :] M2A
12 'F;f C;f_, vo

HSA—E__] {[man L—]|[mo

M3

<

Vss

Figure 3.11 Circuit design of the single-ended two-stage operational amplifier on glass

substrate in a 3-um LTPS technology.
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Figure 3.12 The simulated frequency response of the single-ended operational
amplifier in open-loop condition.
3.2.4 Simulation
According to previous sections in this chapter, we can get whole architecture of

this 8-bit two-direction cyclic DAC (as shown in Figure 3.9). This two-direction cyclic

DAC has four voltage sources: Vpp =10V, Vss=0V, V. =5V,and V' =7 V. That

means V,,.= V. - V, =2 V. This two-direction cyclic DAC has been successfully

simulated in 3-um LTPS technology. The simulation result of this DAC, assigned a
series of digital input codes 11111111 (255) at 250-kHz operation frequency. Except
for the first cycle, which is called ‘reset cycle’, there are still eight cycles needed to
obtain the target analog conversion data. In Figure 3.13, it shows the simulation when
the sign bit bn is ‘0’. The cyclic DAC with codes 011111111 can convert the digital
codes to analog data in up direction. However, in Figure 3.14, it shows the simulation
when the sign bit bn is ‘1’. The cyclic DAC with codes 111111111 can convert the

digital codes to analog data in down direction. The average power consumption of the
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cyclic DAC i1s 95.63801 uW and the average drive current per channel is 4.7657 pA.

gy e dstr B
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Figure 3.13 The simulation result of this 8-bit cyclic DAC with input codes 011111111

in 3-um LTPS technology.
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Figure 3.14 The simulation result of this 8-bit cyclic DAC with input codes 111111111

in 3-um LTPS technology.
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The linearity is an important specification of the data converter circuits except
offset error and gain error. The linearity of the DAC depends on the deviation of the
transfer curve from the ideal straight-line transfer curve. There are two factors to
evaluate this kind of non-linearity, including differential nonlinearity (DNL) and
integral nonlinearity (INL). The step size for the ideal DAC “A” is defined as least
significant bit (1 LSB) in the data converter. The definitions of DNL and INL are

shown in Figure 3.15.

Ag

S =4
IEl OMLID,) = ”"d ILSE)
""" Ars
1w e
2\.‘-‘
Dj
(a)
NL(D / LSE
| =
Tj Lo == (LSB)
*‘qrs
Din
(b)

Figure 3.15 (a)The definition of the differential non-linearity (DNL) and (b)the
definition of the integral non-linearity (INL).

From the definition of the linearity above, the DNL and INL of cyclic DAC with
codes 011111111 are shown in Figure 3.16. The maximum DNL is 0.35 LSB and the
maximum INL is 0.55 LSB. However, when it comes to the cyclic DAC with codes

111111111, the DNL and INL are shown in Figure 3.17. From this figure, the
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maximum DNL is 0.35 LSB and the maximum INL is 0.4 LSB.
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Figure 3.16 Simulated DNL and INL with input codes O11111111.
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Figure 3.17 Simulated DNL and INL with input codes 111111111.

3.2.5 Summary

In this chapter, a speed and power efficient two-direction 8-bit cyclic DAC with
4 us conversion time per bit has been has been successfully simulated in 3-um LTPS
technology for column drivers. The simulation results are shown above. The

performance summary is shown in Table 3.1. This simple structure cyclic DAC shows
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the capability of low power driver ICs for 2.8” QVGA TN LCD.

Parameter Performance
# of bits 8
Accuracy (DNL/INL) 0.35 LSB/0.55 LSB @ 250 kHz
Speed 4 ps/bit~2 ps/bit
Power 95.63801 pW
Technology 3-um LTPS

Table 3.3 Performance summary for cyclic DAC.
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Chapter 4

Conclusions and Future Works

4.1 Conclusions

In chapter 2, a novel 4-bit time-modulation pixel memory is designed, simulated
and verified in 3-um LTPS technology. This pixel memory circuit allows the pixel
display 4-bit digital data without the LCD driver circuit. That means the pixel
memory circuit can display 4-bit digital data and its inversion data when gate driver
and data driver of LCD are off. This pixel memory is suitable to be further integrated
with display panel to reduce the power consumption.

In chapter 3, an 8-bit two=direction cyclic DAC for on-panel data driver has been
simulated. This cyclic DAC has been successfully simulated in 3-um LTPS technology.
This cyclic DAC can be implemented with one opamp and two capacitors with clock
controlling circuit. By using serial type charge-redistribution technique, the power
efficiency of DAC can be achieved while using in a LCD driver circuit. Also,
two-direction technique allows one cyclic DAC per one channel. The circuit
configuration does not change with the input data. That makes the DAC more robust

and has the smaller area.

4.2 Future Works

For the function verification, the size of the pixel memory circuit is overdesigned,
so the size should be scaled down to be suitable for high resolution application. By
scaling down the size, the power of the pixel memory circuit can be reduced.

And the two-direction cyclic DAC could be combined with digital gamma
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control to perform DAC with gamma correction as shown in Figure 4.1 and integrated

on the glass substrate.

| _________________ A
| I
| . . Digital I

Lmeg; %ychc Gamma |
| Control |
| I

Figure 4.1. DAC block with gamma correction.
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