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ABSTRACT

Low temperature poly-silicon (LTPS) thin-film transistors (TFTs) have been
widely investigated as a material forportable‘systems, such as digital camera, mobile
phone, personal digital assistants (PDAs), notebook, and so on, because the electron
mobility of LTPS TFTs is about 100 times larger than that of the conventional
amorphous silicon TFTs. Furthermore, LTPS technology can achieve slim, compact,
and high-resolution display by integrating the driving circuits on peripheral area of
display. This technology will also become more suitable for realization of
system-on-panel (SOP) applications.

Currently, LTPS technology has a tendency towards integrating all control
circuits and driver circuits on the glass substrate. In general, the liquid-crystal display
(LCD) driver contains gate driver, data driver, and DC-DC converter. The data driver
is composed of shifter registers, latch, level shifters, digital-to-analog converters

(DACs), and analog output buffer. However, the poly-Si TFTs suffered poor
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uniformity with large variations on the device characteristics due to the narrow laser
process window for producing large-grained poly-Si TFTs. The device variation
becomes a very serious problem for the analog circuit design on the LCD panel. For this
reason, the analog circuits of the data driver are the focus in my works.

In this thesis, a novel DAC with gamma correction for on-panel data driver and
an on-panel analog output buffer for data driver with consideration of device
characteristic variation are proposed in 8-um LTPS technology. This new proposed
architecture of the DAC is more suitable for gamma correction design due to the
resistor string type of this DAC circuit. The area and complexity of the DAC also can
be reduced greatly by this proposed architecture. This new DAC architecture is
beneficial for data driver to be integrated in the peripheral area of the TFT-LCD panel
in LTPS process. The proposed analog output buffer with P-TFTs input differential
pair can be operated at 50-kHz operation frequency: with at least a 1-to-9 V output
swing. The device variation suppression-method by using P-TFTs input differential
pair can effectively maintain the performance of on-panel analog output buffer and
increase the manufacturing yield of the circuit. This analog output buffer with
suppressing device variation is more suitable for using in the on-panel data drivers to
provide a uniform brightness and high resolution display

Furthermore, the novel folded R-string DAC with gamma correction has been
verified in 8-um and 3-um LTPS technology. The analog output buffer with suppressing
device variation also has been designed and fabricated in 8-um LTPS technology. The

analysis and comparison of the other DAC circuits are also included in this thesis.
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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 five market
areas, namely, notebook computers, monitors, mobile equipment, mobile telephones,
and televisions. For 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
infrastructures 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, the low field-effect mobility (ability to conduct current)
of a-Si TFTs allows their application only as pixel switching devices; they cannot be
used for complex circuits. In contrast, the high driving ability of polycrystalline Si
(p-Si) TFTs allows the integration of various circuits such as display drivers.
Eliminating LSI (large-scale integration) chips for display drivers will decrease the
cost and thickness of displays for various applications.

There are high-temperature and low-temperature poly-Si TFTs, defined by the

maximum process temperature they can withstand. The process temperature for
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high-temperature poly-Si can be as high as 900°C. Hence, expensive quartz substrates
are required, and the profitable substrate size is limited to around 6 in. (diagonal).
Typical applications are limited to small displays. The process temperature for
low-temperature poly-Si (LTPS) TFTs, on the other hand, is less than 600°C, which
would allow the use of low-cost glass substrates. This makes possible direct-view
large-area displays—for example, UXGA (ultra extended graphics array) monitors of
up to 15.1 in. (diagonal) with a resolution of 1600 x 1200 pixels. For this reason,
LTPS technology has been applied successfully to not only small-sized displays, but

also medium- and large-screen products.

1.1.2 System-on-Panel Displays

LTPS TFT-LCD technology: has ..some -ffeélfur_es of system integration within a
display. It can make a compact; :iligh relii';blé,..ﬁigh "ré,$01uti0n display. Because of this
property, LTPS TFT-LCD tec}-liriology_ }SJW}dely _uséld for mobile displays. Fig. 1.1

shows the system integration roadmap of LTRS TFT-LCD [3], [4].
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System-on-panel (SOP) displays are value-added displays with various
functional circuits, including static random access memory (SRAM) in each pixel,
integrated on the glass substrate [3]. Fig. 1.2 shows the basic concept of pixel memory
technology. When SRAMs and a liquid crystal AC driver are integrated in a pixel area
under the reflective pixel electrode, the LCD is driven by only the pixel circuit to
display a still image. It means that no charging current to the data line for a still image.
This result is more suitable for ultra low power operation. Eventually, it may be
possible to combine 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 8b data bus on glass substrate are shown
in Fig. 1.3, respectively [1], [5]. Fig. 1.4 shows the roadmap of LTPS technologies
leading toward the realization of sheet computers. Finally, all of the necessary
function will be integrated in LTPS TFT-LED. Although the level of LTPS is as
almost the same as the level of thetcrystal-Si-of 20 years ago, actual operation of

50MHz with 1um design will be realized near future [6].
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Fig. 1.2 Basic concept of pixel memory technology.
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Fig. 1.3 (a) The schematic illustration of the “sheet computer” concept and (b) a CPU
with an instruction set of 1-4 bytes and an 8b data bus on glass substrate.
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Fig. 1.4 The roadmap of LTPS technologies leading toward the realization of sheet
computers.

1.1.3 The Advantages of the SOP LTPS TFT-LCD Displays

The distinctive feature of the LTPS TFT-LCD is the elimination of TAB-ICs
(integrated circuits formed by means of an interconnect technology known as
tape-automated bonding). 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). Fig. 1.5 shows the cross

sectional structure of a LTPS TFT CMOS. For a-Si TFT-LCDs, TAB-ICs are



connected to the left and bottom side as the Y driver and the X driver, respectively.
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 are
thus reduced to one-twentieth the size of those in a-Si TFT-LCDs. The most common
failure mechanism of TFT-LCDs, disconnection of the TAB-ICs, is therefore
decreased significantly. For this reason, the reliability and yield of the manufacturing
can be improved. Decreasing the number of TAB-IC connections also achieves a
high-resolution display because the TAB-IC pitch (spacing between connection pads)
limits display resolution to 130 ppi (pixels per inch). A higher resolution of up to 200
ppi can be achieved 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. Furthermeote, eliminating”IT AB-ICs allows more flexibility in
the design of the display system because'three sides of the display are now free of
TAB-ICs [1]. Fig. 1.6 shows a comparisen.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 Fig. 1.7.

Passivation \ f

Signal Line

Gate

Insulator

b

— Gate Si0, ,— 11—
P a—. *

’* :" N 7 ey

Source  Drain Source LDD Drain \
Undercoat

p-channel TFT n-channel LDD TFT

Fig. 1.5 Schematic cross-section view of the structure of a LTPS complementary
metal oxide semiconductor (CMOS). LDD = lightly doped drain.
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Fig. 1.6 (a) Comparison of an amorphous silicon TFT-LCD module and (b) a
low-temperature polycrystalline silicon TFT-LCD module.
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1.1.4 Future Application of “Input Display”™ [6]

SOP technology also has a potential of integration of input function other than
output function of display, which will pave the way for future displays. These various
ways of integration are totally expressed by SOP technology. The input display
technology opens opportunities for new applications for personal and business use.
The new technology is scalable up and down, and can be applied to diverse products,
from cellular phones to personal computers. The full scope to our imagination
concerning future use of “Input Display” is shown in Fig. 1.8. Its wide range of usage
will include recording of text or images for on-line shopping and the like, without a
scanner device saving personal data and images to a computer, and personal
identification, auto-power control with photo-sensor (or ambient light sensor, shown
in Fig. 1.9) suitable for extremelydow power cellular phone, detecting the position of

finger or pen for some touch-sensing (a new.touch-panel is shown in Fig. 1.10), and

SO On.
ouch panel
Scanner P
Certification
device
Light wel_ght&thln | ) ¥ |
devices
i 7
Name card \ Color
reading 7 ? scanner

Auto-poer contr. Pen input

Fig. 1.8 Future application of “Input Display”.
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According to above discussion, it can see that the fabrication cost will gradually
be lowed and SOP (system on panel) will be implemented step by step in the future.
Such integration technology contributes to shorten the product lead-time because
lengthy development time of ICs can be eliminated. Actually, this integration level
has been proceeding from simple digital circuits to the sophisticated ones such as
digital-to-analog converters (DACs) [6]. Moreover, LTPS technology is compatible
with OLED, which is another promising display device [1]. Therefore, design of
driving circuits for TFT-LCD in LTPS technology is worthy expecting in the future.
In this thesis, a novel 6-bit folded R-string DAC with gamma correction for on-panel
data driver and an on-panel analog output buffer for data driver with suppressing device

characteristic variation technique have been proposed in LTPS technology.

1.2 THESIS ORGANIZATION

In chapter 2, some background knowledge of thin-film transistor liquid crystal
displays, like liquid crystal display structure, driving method in TFT-LCD panel and
periphery circuit block, will be introduced. The nonlinearity relationship between
luminance and human visual system (HVS) and gamma correction will also be
discussed in chapter 2. A novel DAC with gamma correction for on-panel data driver
will be proposed and verified in chapter 3. Moreover, the analysis and comparison of
the many kinds of DAC circuits will also be introduced in this chapter particularly. In
chapter 4, an on-panel analog output buffer for data driver with consideration of
device characteristic variation will be proposed. Besides, the simulation and
measurement results of this proposed analog output buffer will be discussed in this
chapter. The last chapter recapitulates the major consideration of this thesis and

concludes with suggestions for future investigation.
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Chapter 2
Background Knowledge of Thin-Film
Transistor Liquid Crystal Displays

2.1 L1QUID CRYSTAL DISPLAY STRUCTURE

2.1.1 Material and Display Theory of Liquid Crystal [7], [8]
Most liquid crystals consist of molecules shaped like the rod. The direction of
long axis is called the director, given by the vector n, which is an apolar vector as

n and-n are equivalent. Rod- shaped molecules are also termed calamitic.

We focus on calamitic (Bahadur 1990 Demus et al., 1998a,b) liquid crystals as
they are important for apphcatlons One Iclile;réc}:eriéth of the phase variation of liquid
crystal materials is “the twice ngfeltmg s'hewmg in _Flg. 2.1. Below the melting point
(Ty) they are solid, crystalline and al-l;isotrqpic;-i'z\-;ilen above the clearing point (T,)

they are a clear and isotropic liquid. The material has the appearance of a milky liquid

between T, and T, but still exhibit the ordered phases.
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Fig. 2.1 Phases of liquid crystal materials versus temperature.
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The phases during T, and T,, can roughly be divided into smectic phase and
nematic phase by its molecules arrangement. The molecules are ordered in two
dimensions in smectic phase and appeared with only a one-dimensional order in
nematic order. Most LCD materials’ nematic phase is the basis and widely used as
Twisted Nematic (TN) cell with active matrix addressing. Because 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. In general, the first polarizer of a couple of polarizers is called polarizer and
the second polarizer of these is called analyzer. The light can be blocked by a couple
of polarizers with 90° phase error, is shown in Fig. 2.2 (a). 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 Fig. 2.2 (b).

f% )f '
(a)
/rI/' //
1 =
b -
//’
(b)

Fig. 2.2 (a) A couple of polarizers with 90° phase error. (b) A couple of polarizers
with liquid crystals.
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Fig. 2.3 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.

Fig. 2.3 (a) shows a pixel of a transmissive twisted nematic LC-cell with no 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, and passes the glass substrate b,
the transparent electrode € out ‘of Indium-Tin-Oxide (ITO) and the transparent
orientation layer g. In this case,the analyzer'iS crossed with polarizer. The light can
pass the analyzer without applied voltage due to the twisted nematic LC-cell and the
pixel appears white. If a voltage V¢ of the order of 10 V is applied across the cell, as
shown in Fig. 2.3 (b), all molecules aligned parallel to the electric field. In this state,
the wave that reaches the crossed analyzer is polarized in the same direction as at the
input. Therefore, the analyzer blocks the light and the pixel appears black. This
operation is termed the normally white (NW) mode. On the contrary, if the analyzer is
rotated by 90°, paralleled with polarizer, the light is blocked in the analyzer. The pixel
is black. This is called the normally black (NB) mode. The transmitted luminance,
also termed transmittance, of the light. Fig. 2.4 shows the transmitted luminance
versus the normalized voltage (Vic/Vy) across the LC cell for the normally white

mode and the normally black mode, respectively.
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Fig. 2.4 The transmitted luminance versus the normalized voltage (Vi¢/Vy) across
the LC cell for the normally white mode and the normally black mode.

2.1.2 Liquid Crystal Display Module:Structure

The cross section structure’of TET-LCD panel'is shown in Fig. 2.5 particularly.
It can be roughly divided into two part, TET array substrate and color filter substrate,
by liquid crystal filled in the center of LCD panel: We still need a backlight module
including an illuminator and a light guilder since liquid crystal molecule cannot light
by itself. However it usually consumes the most power of the system, some
applications such as mobile communications try to exclude or replace it from the
system. In TFT array substrate, we need a polarizer, a glass substrate, a transparent
electrode and an orientation layer. In color filter substrate, we also need an orientation
layer, a transparent electrode, color filters, a glass substrate and a polarizer. Most
transparent electrodes are made by ITO, and they 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). As the degree
of light, named “gray level”, can be well controlled in each pixel covered by color

filer, we will get more than million kinds of colors.
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Fig. 2.5 The cross section structure of TFT-LCD panel.

2.1.3 Equivalent Model of Dot in each Pixel Cell
One dot is the most fundamental unit of LCD panel and each dot can express one

kind of original color. Because one full color should be mixed with three original

rl 5

colors, each pixel contains three dots AS| a' result 1;f the resolution of gray level of

each dot is 8 bits, then the whole panel can show I16 777,216 (2°x2°x2®) kinds of

'l

colors at all. Fig. 2.6 shows the basw layout and cross section of an AMLCD

[ LR

sub-pixel. The equivalent circuit of a TFT in the sub-pixel with voltages, currents, and

parasitic capacitances is shown in Fig. 2.7 [7].
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Fig. 2.6 The basic layout and cross section of an AMLCD sub-pixel.
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Fig. 2.7 The equivalent circuit of a TFT in the sub-pixel with voltages, currents, and
parasitic capacitances.

Fig. 2.8 and Fig. 2.9 show the layout and equivalent circuit of each sub-pixel,
including two major structures, thé Cs on common mode and Cg on gate mode. The
right-down region of the sub-pixel-layout is.the TFT switch, and the region of each
sub-pixel area excluding TFT switch and-sterage capacitor (Cs) is called aperture
region, which is the largest window . for.light passing. So the larger ratio of aperture
region to pixel area is the better performance of the TFT-LCD panel. In Fig. 2.9, the
Mg is a thin film transistor as a switch. The Cy is the effective capacitor of liquid
crystals, and Cg is the storage capacitor used to maintain the voltage level of liquid
crystals during the hold time of frame transitions. The Cgq 1s the parasitic capacitor
between gate line and effective liquid crystal capacitor. The structure, Cs on gate,
which connects the bottom of the storage capacitor to the previous row of the gate line
has some benefits. By this structure, we can compensate the unstableness of voltage
level due to the clock feed-through effect from Cgq. Furthermore, this structure also
has larger aperture ratio. But the trade-off with the Cs on gate method is an increase in

the RC time constant of the gate line, which reduces the TFT switching performance.
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Fig. 2.9 The equivalent circuit of a TFT-LCD sub-pixel: (a) Cs on common mode
and (b) Cs on gate mode.
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2.2 DRIVING METHOD IN TFT-LCD PANEL

2.2.1 Driving Method

Liquid crystal molecules can’t be under a fixed voltage in the long period. The
DC blocking effect and the DC residue (stick image) will be appeared under this
condition. Therefore, the electric field polarity should be inversed every period to
avoid the destruction of liquid crystals. The torque caused by electric filed is dependent
on the magnitude of electric filed, not dependent on the polarity of electric filed.
Therefore, the polarity of electric filed would not affect the twisting of the liquid
crystal molecules. When the frame picture will be kept on the same gray level, the
electric field across liquid crystals is changed into two polarities (positive and
negative), alternately. As electric’*field is higher than common mode voltage the
polarity is called positive polarity, otherwise it1s called negative polarity. By this way,
the liquid crystal molecules will-avoid defection.in the fixed applied voltage. In term of
above description, the polarity inversions.of LED panel can be principally divided into
four general types: frame inversion, row inversion, column inversion, and dot
inversion [9]. They are listed in Fig. 2.10. Frame inversion is that all the adjacent
pixels of the LCD panel have the same polarity. Row inversion (column inversion) is
that each adjacent row pixels (adjacent column pixels) have different polarity. Finally,
all the adjacent pixels of LCD panel have different polarity is called dot inversion. Dot
inversion is the major driving method of LCD panel. This polarity inversion method
has some benefits. 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 penalty of dot inversion method
is an increase of the power consumption due to the line inversion component. This

method is also incompatible with common voltage modulation.
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Based on the operational type of common mode voltage, the driving method can
also be classified into direct driving and AC modulation driving. They are shown
in Fig. 2.11 and Fig. 2.12, respectively. Direct 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. The characteristics of two
driving methods are listed below:
® Direct driving method:
— Frame, row, column, and dot inversion are all available.
— Crosstalk and flicker can be eliminated.

® AC modulation driving method:
— Frame and row inversion are available.

— Low power dissipationin data driver. .
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Fig. 2.11 The operation waveform of direct driving method.
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Fig. 2.12 The operation waveform of AC modulation driving method.
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2.2.2 Gamma Correction

Gamma correction of liquid crystal displays is involved due to the nonlinearity
between luminance and human visual system (HVS). This is because the pupils of the
human’s eyes would vary automatically for the change of the ambient light. For this
reason, a data driver with gamma correction is necessary in TFT-LCD panel. The data
driver often is required to compensate for the human visual system’s transfer function.
Moreover, it must also compensate for the LCD transfer function [9]. Fig. 2.13 shows
the operation of the gamma correction for the normally white TN type LCD panel. The
gamma correction system is composed of three relationships: luminance vs. HVS
brightness, input digital code vs. pixel voltage, and the V-T curve of the NW-TN type
liquid crystal. By this system, the relationship between input media codes and

brightness in human eye will be mote linear.
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Fig. 2.13 The operation of the gamma correction for the normally white TN type
LCD panel. HVS: human visual system.
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Furthermore, there are something should be emphasized. In general, the input
digital code vs. pixel voltage curve of data driver, in Fig. 2.14, is symmetrical to the
common voltage (Vcom) axis. This is because that the permanent deflections of liquid
crystal molecules will occur if the DC stress given on the LCD panel sustains a long
period. As a result, the LCD panel should be driven by AC (alternating polarity) signal
to eliminate the defect on LCD panel.

From previous description, we can get a linear relationship between input media
codes and brightness in human eye through a “Gamma Correction Digital to Analog

Converter”, which will be particularly discussed in the next chapter.
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Fig. 2.14 The input digital code vs. pixel voltage curve of data driver in TFT-LCD
panel.
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2.3 PERIPHERY CIRCUIT BLOCK

The periphery circuit blocks of LCD panel are roughly composed of four parts —
display panel, timing control circuit, scan driver circuit and data driver circuit [10].
In Fig. 2.15 is the block diagram of the entire TFT-LCD panel circuits. Display panel is
constructed of the active matrix liquid crystals. The operation of the active matrixes is
similar to DRAM (dynamic random access memory) which is used to charge and
discharge the capacitor of the pixel. Timing controller is responsible for transiting
RGB (red, green, and blue) signals to the data driver and controlling the behavior of
scan driver. As soon as one voltage level of the scan lines rises, the RGB signals will
be transited through the data driver. After a period, the voltage level of this scan line
will be disabled and next scan ling'will be turned on. All voltage levels of those scan
lines will be raised in turn. Addressing systemy in Fig-2.16, is composed of scan driver

and data driver [7]. These two drivericitcuits-will be further discussed in the following

sections.
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Fig. 2.15 The block diagram of the entire TFT-LCD panel circuits.
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2.3.1 Scan Driver Circuit

Scan driver, shown in Fig. 2.17,;consists, of shifter register, level shifter, and
digital output buffer. Shifter reglster is’ used to store dlgltal input signals and transit
them to the next stage accordmg to t1m1ng clock Because the turn-on voltage of active
matrixes is higher, scan driver should drlva actlve pixels with a high voltage. The
purpose of the level shifter is just to convert the dlgltal signals to a higher level voltage.

Finally, since the scan lines can be modeled as RC (resister and capacitor) ladder, the

digital output buffer should be used in the last stage for driving the large load [10].
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Fig. 2.17 The basic diagram of scan driver circuit.
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2.3.2 Data Driver Circuit

Data driver, shown in Fig. 2.18, mainly contains shifter register, data latch, level
shifter, digital-to-analog converter (DAC) and analog output buffer [10]. Furthermore,
the first three parts classify as digital architectures. The other two parts belong to
analog architectures. Shifter register and data latch manage to transit and store the
RGB signals. Also, the purpose of level shifter is the same as the one in scan driver. It
is applied to translate the RGB signal to a higher level voltage. As implied by the name,
digital-to-analog converter is used to convert the digital RGB signal to analog gray
level. Its structures can be divided into many types, and there will be much more
detailed discussion in the next chapter. As for analog output buffer, its purpose is
applied to drive active pixels into a desired gray level. However, The LCD panel
usually has large loading, especially in larger panel.display or higher resolution display.
For this reason, the analog output,buffer should enhance the driving capability of the
data driver. The corresponding -analog output-buffer circuit will be described in the

later chapter.
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Fig. 2.18 The basic diagram of data driver circuit.
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Chapter 3
Novel Digital-to-Analog Converter with Gamma

Correction for On-Panel Data Driver

3.1 INTRODUCTION

As last chapter description, we know that there is a nonlinearity relationship
between luminance and human visual system. For this reason, a data driver with
gamma correction is necessary in TFT-LCD panel. The Data driver mainly contains
shifter register, data latch, level shifter, digital-to-analog converter (DAC) and analog
output buffer. DAC is used convett the digital RGBsignal to analog gray level. It is an
important and essential part in the'driving system of TFT-LCD panel. In this chapter,
the analysis and comparison of’the many kinds of-DAC circuits will be introduced
particularly. Moreover, a novel DAC with igamma correction for on-panel data driver

will be proposed and verified in this chapter.

3.2 DIGITAL-TO-ANALOG CONVERTERS [11]-[14]

3.2.1 R-String DAC with Switch Array Decoding

Fig. 3.1 shows a 6-bit R-string DAC circuit. The architecture of this DAC requires no
digital decoders. This conventional R-string DAC is familiar in general LCD data
drivers, because this architecture is simple and suitable for gamma correction design.
However, the area of switch array is becoming larger and larger due to the high
resolution DAC. The loading at the output node (Vout) is also becoming larger due to

the huge switch array.
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Fig. 3.1 A 6-bit R-string DAC with switch array decoding.

3.2.2 R-String DAC with Binary-Tree Decoding

Fig. 3.2 is a 6-bit R-s gDAthb nary-tree decoding. This architecture also
requires no digital decoders. In pp t tth R ring DAC with switch array
decoding, this R-string DAC w h bin ryt'r d d ng has less transistors in the
decoding ¢ . Nevertheless,. the pdfth uit is limited by the delay
through the switch n wkTh mgkwmghwh trolling signals

e large glitches at Vout. This also has larger RC-type loading at the

output node (Vout) due to the binary-tree switches.

% Dy Dy D Ds Dy Ds
- - - - - -
- . . . . .
- . - . - -
. . . Vout

émﬁ*“

Fig. 3.2 A 6-bit R-string DAC with binary-tree decoding.




3.2.3 R-String DAC with Digital Decoding

In a higher-speed implementation, logic can be used for the decoder. Fig. 3.3 is a
6-bit R-string DAC with digital decoding. The loading of the output node can be
reduced by the digital decoder, because the output node is only connected to one
column of analog switches. Therefore, the operational speed of DAC using digital
decoding is faster than DAC using binary-tree decoding. This architecture is also
more suitable for gamma correction design because it is easy to produce different
sections in resistor string. However, the area and complexity of decoder are larger and
larger due to the high resolution DAC. For this reason, this R-string DAC with digital
decoding is not suitable for integrating the data driver in the high resolution TFT-LCD

panels.

Vour

Fig. 3.3 A 6-bit R-string DAC with digital decoding.
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3.2.4 Charge-Redistribution DAC

As shown in Fig. 3.4, it is a charge-redistribution DAC. The basic idea here is to
simply replace the input capacitor of a switched-capacitor (SC) gain amplifier by
programmable capacitor array (PCA) of binary-weighted capacitors. In this circuit, it
has two phases. In first phase (¢;), all capacitor bottom plates are connected to a
reference voltage and top plates are connected to ground. During second phase (¢»),
capacitor bottom plates are connected to a reference voltage or ground according to
logic high or logic low in codes. By this operation, the voltage level in output terminal

can be determined by a formula which is shown in follow:

o_Vref 2 C+C sz (3‘1)

i=0

Where b; is the bit number in input codegN-is-the total bit number and C, is top plate
parasitic capacitance. This circuit structure has some advantages better than the
resistor-string DAC. First, the process; matching for capacitor is better than resistor
string. Second, charge-redistribution DAC €an save more power because it has no DC
path in the circuit. However, it has a big problem in LCD panel application. That is,
this method is very difficult to achieve gamma correction. In other word it cannot

compensate the inherent characteristic of liquid crystal.

A
Net—H—1

_L__J/:j'z'“c . j':zzc lz‘c J-'200 gbhvo

1 [; k& H

Vret —*
Fig. 3.4 The charge-redistribution DAC.

-28-



3.2.5 Multiple R-String DAC [15]

In this variation, a second tapped resistor string is connected between two
adjacent nodes of the first resistor string (voltage reference), as shown in Fig. 3.5. In
the shown 6-bit example, the three MSBs determine which two adjacent nodes of the
first resistor string. The second resistor string linearly interpolates between the two
adjacent voltages from the first resistor string. Finally, the output is determined by the
lower LSBs. This approach requires only 2x2™? resistors, making it suitable for
higher-resolution, low-power applications. This approach also has guaranteed
monotonicity. During the signal transformation process, the spikes generated in the
DAC (as shown in Fig. 3.6 (a)) are significantly related to the quality of display
because the spikes would lead to the unstable displaying and redundant power
consumption. Therefore, effectiveispikes reduétion in the DAC becomes a critical
topic for display systems. In this architecture; the bit with least signal variation (the
higher bits) is arranged closely 10 output node-By this method, the spikes of the DAC

can be reduced obviously, shown ‘in Fig. 3.6.(b).. "

4 4 VDD
30 — .
= — K
Voltage . ‘}%e —
. 40d - pe— ' - t '
Reference - ﬁ[&b - ~—40 MSB
0 ey S o o e o o o e e | Bl
DACN
MSB : ;
= Fourth bit |} 4 Fourth bit | LSB

Fifih bit

| a=! Sixthbit pr H Sixthbit | L ieeeeas

T _ : i T | pace
[ Digal 32 Decode DACN ACP Decode 5,
voltage signal LSB - | H ‘

== Fifth bit

First bit

Second bit

Third bit

Fig. 3.5 A 6-bit multiple R-string DAC.
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Fig. 3.6 (a) The spikes of the DAC, and (b) the output waveform of the DAC with
spikes reduction method.
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3.2.6 Resistor-Capacitor Hybrid DAC

The benefits and drawbacks of resistor=string. DAC and charge-redistribution
DAC have been discussed previously. In‘order to get their benefits and exclude the
drawbacks in the DAC, a hybrid Structure has beenproposed in Fig. 3.7. In this circuit,
the upper bits are adopted in resistor-string architecture and the lower bits are
employed the charge-redistribution structure. There are two phases in this circuit
operation. In first phase (¢;), all capacitor bottom plates are connected to ground.
During second phase (¢,), capacitor bottom plates are connected to a reference
voltage V; or connected to the other reference voltage V, which is according to logic
high or logic low in input codes. Furthermore, a formula about this circuit is shown in

below:

V M-1 1V L1 -V NZL
3 FE AL TR % 3 LU cEe
M5 Mot T NS

Where M is the total bit number in resistor-string DAC, L is the total bit number in

charge-redistribution DAC and N is the total bit number in this DAC (N=M + L).
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This hybrid structure can achieve high performance in operational speed, die area, and

power consumption. Besides, it is also suitable in gamma correction DAC.

1
___./;___
2l'(:lr——4 P——ﬂl
L-DAC
[ 1T, 1. 1 DN
—ol-1c ee —=22¢ 2lc 2% +
bj ¥ ¥
[

Fig. 3.7 The resistor-capacitor hybrid DAC:

3.2.7 Current-Steering DAC

Current-steering DAC is very similar to resistor-based converter, but is intended
for higher-speed application due to the current type. The basic idea is to switch
currents to either the output or to ground, as shown in Fig. 3.8. Here, the total output

current is sum of the currents which are selected, as shown below:

I, =1x(by_ -2 " +b,_, 2" +.--+b -2' +b, -2%) (3-3)

This output current is converted to a voltage through a resistor (Rg). Although, this
circuit has potentially large glitches due to timing skews and the monotonicity in this
DAC is not guaranteed. But, we can reduce the glitches and provide the guaranteed

monotonicity by using the thermometer decoding method.
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Fig. 3.8 The current-steering DAC.
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From previous description and analysis, we can summarize a table about many kinds

of the DAC circuits, as shown in Table 3.1. In this table, we can clearly find the

characteristics of those DAC, like;isuitable for‘gamma correction design, operation

speed, power consumption, area; and the complexity of design and layout.

Table 3.1

The comparisons of many kinds'of the digital-to-analog converter circuits.

Circuit Type y Correction Speed Power Area | Complexity
R-DAC with switch
Best Poor Normal Poor Easy
array decoder
R-DAC with
, Best Normal Normal | Normal Easy
binary-tree decoder
R-DAC with digital .
Best Good Normal | Normal Medium
decoder
Charge-redistribution )
Poor Good Best Normal Medium
DAC
Multiple R-DAC Good Good Poor Best Medium
Hybrid R-C DAC Good Good Good Good Hard
Current-steering
Poor Best Poor Normal Hard
DAC
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3.3 NoVEL FoLDED R-STRING DAC WiTH GAMMA CORRECTION

3.3.1 Design of Gamma Correction

From previous chapters, we know that there is a nonlinearity relationship
between luminance and human visual system. For this reason, the gamma correction
design is necessary in TFT-LCD panel. The display transfer function is shown in Fig.
3.9. The nonlinearity between gray level domain and luminance domain can be
corrected by gamma correction design. For a 6-bit gamma correction design, the

transform function about this system can be express as following:

%:(GL/@)V G-4)
T(GL) = (T~ Tag(GLAO3) +T,,, (3-5)
L(GLY = T(GL) Ko 3-6)
L(GL) = (L — L (GL/63)" + L, (3-7)

From above formula, the transform function between transmission and gray level is

shown in equation (3 - 5).

Image Coding
(Digital) Display Light Eye and Brain
GL~ , —L— |-'B
Quantized Equal Luminance Brightness
Sieps or Brightness Percoption
Perception
GL Luminance Brightness
Domain Domain Domain

L =K-[(GL/63)" + Bias ]

BacKlight Light valve, normalized,

3 Light valve leakage
dynamic range

Fig. 3.9 The transform function of display system.
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Fig. 3.10 shows a voltage versus transmission curve of the liquid crystal in CPT
process. From this figure, we can know this liquid crystal is a normally white TN-type
liquid crystal. We can calculate the pixel voltage with gamma value of 2.2 by using
the transform function in equation (3 - 5) and the V-T curve of this liquid crystal. The

pixel voltage corresponded to each gray level is shown in Table 3.2.

CPT V-T Curve

100 .

——— TN (Red)

Trans. (%)

20 .

0 1 2 3 4
Volitage (Volt)

Fig. 3.10 The voltage vs. transmission eurve of the liquid crystal in CPT process.

Table 32

The pixel voltage corresponded to each gray level with gamma of 2.2.

GL T% VR (V) GL T% VR (V) GL T% VR (V) GL T% VP (V)
0 0 4 16 | 4903597 | 2.5879 32 | 2253101 | 2.109766 48 | 54.977086 1.74
1 0.011001 3.9 17 560323 | 2.548154 33 | 2410013 | 2.086728 40 | 5752838 | 1.71465
2 0.050549 | 3.758902 18 | 6.354045 | 2.510975 34 | 25.74568 | 2.063205 50 | 6014206 | 1.688701
3 0123344 | 3.613312 19 | 7156632 | 2.47524 35 | 27.44104 2.04 51 | 62.82105 | 1.66249
4 0.232264 | 3.457736 20 | 8011554 | 2.441479 36 | 2019553 | 2.017145 52 655620 | 1.635021
5 0.379476 | 3.327016 21 | 8919351 | 2.408688 37 | 31.00049 | 1.994362 53 | 68.36876 | 1.606405
6 056674 | 3.217753 22 088054 | 2.376906 38 | 32.88325 | 1.971823 54 | 7123888 | 1.576317
7 0795548 | 3.122226 23 | 1080562 | 2.346697 39 | 3481713 | 1.949336 55 | 7417349 | 1.544072
8 1.067207 | 3.035698 24 | 11.06508 | 2.317437 40 | 36.81144 | 1.926691 56 | 7717283 | 1.50949
9 1382870 | 2.959477 25 | 13.08037 | 2.289892 41 | 3886649 | 1.90363 57 | 8023715 | 1.471855
10 | 1.743616 | 2.892731 26 | 14.26805 | 2.267672 42 | 40.98257 | 1.881031 58 | 8336666 | 7.42963
11 | 2150377 | 2.83198 27 | 1550426 | 2.234607 43 4316 | 1.858031 50 | s6.56159 | 1.382006
12 | 2604051 | 2.774818 28 | 16.79571 | 2.208712 44 | 4539004 | 1.834985 60 | 89.82217 | 1.324149
13 | 3105462 | 2.723289 20 | 1814372 | 2.182949 45 | 47.60000 | 1.81194 61 | 9314862 | 1.249646
14 | 3.655379 | 2.675385 30 | 1954860 | 2.157501 46 | 50.06313 | 1.788369 62 | 9654116 | 1.1207
15 425453 | 2.630032 31 | 21.01000 | 2733317 47 | 52.48873 | 1.764192 63 100 0
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As shown in the Table 3.2, we can find each target pixel value. The
voltage-dividing method of the resistor string is adopted. First, we divide this R-string
ladder into 8 interval values fitting to the target pixel value. Then, we divide each
section of R-string into 8 the same sub-interval R-string. The value of each resistor in
this R-string is designed in the Table 3.3 and the simulation result of the voltage

divider of R-string is shown in Fig. 3.11.

Table 3.3

The resistance values of R-string for gamma correction design.

_Vref =4V RO 43.9K R1 24.6k R2 14.15K R3 10.65K
) Roo | s.4s76k | R10 3.075k R20 | 176875k | Ra0 | 1.33128k
S
3 RO Ro1 | s.4878k | R11 3.075k R21 | 176875k | R31 | 1.33128k
1 Veur = 3.122226 V
1 . Ro2 | s.a4s7sk | R12 3.075k R22 | 17es7sk | R32 | 1.33128k
=
T Roz | s.a4s7sk | R13 3.075k R2z | 176875k | R83 | 1.33128k

Vouis = 2.630032 V
) Ro4 | sas7sk | Ria 3.075k R24 | 176875k | R34 | 1.33125K
£ R2
= Ros | s.a4s7ek | R1B 3.075k R25 | 176875k | R38 | 1.33128k
Veizs = 2.346697 V
< Ros | s.as7sk | Ris 3.075k R26 | 1.7es7sk | Rae | 1.33125K
£ R3
T Ro7 | s.a4s78k | RI7 3.075k R27 | 176975k | Re7 | 1.33128k
Voun = 2133317 ¥
4 R4 9.2k RE 9.26k R8 11k R7 77.2k
= R4
Veus = 1.049336 V R40 1.15K RS0 | 1.1s625k | Re0 1.375k R70 9.85k
= Ré1 1.15K Rs1 | 1.1s625k | Re1 1.375K R71 9.65k
Z mS
Veus = 1764182 V R42 1.15K Rs2 | 115625k | Re2 1.375k R72 9.65k
= e R43 1.16k Rez | 115626k | Re3 1.376k R73 9.6k
Vouss = 1544072 V. Rd4 1.16K Re4 | 1.1s626k | Res 1.376k R74 9.85k
2 gy R4E 1.16K Re5 | 1.15626k | ReS 1.376k R76 9.5k
-
Voes =0V R46 1.16K Re6 | 1.1s626k | Res 1.376k R76 9.85k
A4 R47 1.15K Rs7 | 1.1s625k | Re7 1.375k R7T 9.5k

L] L] L] T T T
4 i
—=— |deal
—_ —— Simulation
= 3 .
(=]
=
E
S 2 N
>
©
X
o 1fF
0 i 1 i 1 i 1 i L i L i L
0 10 20 30 40 50 60

Gray Level (Input Code)

Fig. 3.11 The gray level vs. pixel value curve in the voltage divider of R-string.
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From above simulation result, we can see that the pixel values of last 8 bits are
not fit to the ideal values. This is because of the same interval in the last 8-bit section
is not suitable for this design. The modified R-string ladder is designed in Table 3.4
and the simulation result of the voltage divider of R-string is shown in Fig. 3.12. As
shown in the simulation result, we can find that all pixel values are fitter to the ideal

values due to the modified R-string ladder.

Table 3.4

The modified resistance values of R-string for gamma correction design.

_Vref =4V RO 43.9¢ R1 24.6k R2 14.15k R3 10.65k
) ROO | 5.4875k | R0 3.075k R20 | 176875k | R3o | 1.33125k
=
= RO RO1 | 54875k | R11 3.075k R21 | 176875k | R31 | 1.33125k
1 Vour = 3.122226 V
1 . RO2 | 5.4875k | Ri12 3.075K R22 | 176876k | R3z | 1.33126k
E3
T RO3 | 5.4875k | R13 3.075K R23 | 178875k | R3s | 1.33125k

Vours = 2.630032V

) RO4 | 5.4875k | R14 3.075K R24 | 178875k | R34 | 1.33125k
= R2

= RO5 | 5.4875k | Ri15 3.075k R25 | 176875k | R3s | 1.33125k
| Voizs = 2.346697 V

4 ROE | 5.4875k | R16 3.075K R26 | 178875k | R36 | 1.33125k
2 Rs

T RO7 | 5.4875k | Ra7 3.075K R27 | 176875k | R37 | 1.33126k
! Vois = 2133317 V

4 R4 9.2k RS 9.25K RS 11k R7 77.2k
Z R4 =

3

| Vouss = 1.949336 V R40 1.15K Rs0 | 1.15625k | Re0 1.375K R70 /2.9sk\
2z gs Ra1 1.15k Rs1 | 1.15625k | Re1 1.375K R71 2.98k
=

Vausy = 1.764192 Ra2 1.15k Rs2 | 1.15625k | Re2 1.375K R72 2.98k

= e R43 1.15k Rs3 | 115625k | Re3 1.375K RT3 2.96k |
| Voves = 1544072 V Ra4 1,15k Rs4 | 1.15625k | Res 1.375K R74 2,96k I
2 gy R45 1.15k Rss | 1.15625k | Res 1.375K R7S 2.98k
-

| Vo =0V RA8 1.15k Rs6 | 1.15625k | Res 1.375K R76 2.98k
Ve Ra47 1.15k Rs7 | 1.15625k | Re7 1.375K R77 \55.48k/

L) L) T v L) L) L)
4 4
—=&— |deal
—_ —v¥— Simulation
=2 3
[=]
2
S
s 2
-
@
X
a1
0 A 1 A 1 L L n 1 A 1 A 1
0 10 20 30 40 50 60

Gray Level (Input Code)

Fig. 3.12 The GL vs. pixel value curve in the modified voltage divider of R-string.
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3.3.2 Circuit Description

From above discussions, we know that the R-string DAC with digital decoding is
a valid technique for reducing the loading of the output node. It also has a simple
structure for layout floorplan and suitable for gamma correction design. But this
architecture has too large area of the decoder in high resolution DAC. For this reason,
we have proposed a new architecture to reduce the area of the decoder. The transistor
number of the decoder is not linearly increased but exponentially increased with the
growing of the bit number. Therefore, we divided a decoder into two decoders to
reduce the area of the decoder. The folded R-string DAC with segmented digital
decoders is shown in Fig. 3.13. The area of the decoders in the 6-bit DAC can be

reduced to about one sixth by using this segmented architecture.

_A______E____I____F____I__I____E____I___D_G
TN o e e P e T
LT TAT T T AT _I__I_'_}L_‘_I_"_D_’I
pali=te] el l=el el =i l=itel e
= ST AT XTI A2 (T XT7 == &2 "=~ ~ -
e S e g
AT AN X7 2T 2T == &2 1 =1 P§ 8
= ST T AT AT AT AT AT A 71*7;)5 MN
e e e el S
ST AT AT AT AT AT A —— P2 e
E ST AT X AT 2T A A "ZE""E@
AT AN X AT X 2r &2 =11~
AL Il Jedl JbdD el D Il ey '3
IR = = n
Vo = e e B
I I I bt | I 1 =
D7 DE—BS—pd—po—Bor—p—er =
1 of 2° Decoder L ~—— Din
3 6

Fig. 3.13 The folded R-string DAC with segmented digital decoders.
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In this work, we propose a novel digital-to-analog converter with gamma
correction for on-panel data driver in LTPS technology. The purpose of low
dimension and low complexity can be achieved by this architecture of the folded
R-string DAC with segmented digital decoders. This DAC is composed of folded
R-string, switch array, two segmented decoders, and reordering decoding circuit. The
operating illustration of this 6-bit folded R-string DAC with segmented digital
decoders is shown in Fig. 3.14. For example, when the input signal Din is 000000,
this input signal will be segmented into two parts (MSBs and LSBs). The MSBs (000)
and the LSBs (000) of the input signal are assigned to high-bit decoder and low-bit
decoder, respectively. The output signal (D0) of the low-bit decoder will turn on the
switches Ms08, Ms18, and their signal paths because its input is 000. In the same way,

the output of high-bit decoder will:furn on the tdp tow of the switch array.

DO
Mpﬂorq—l—l— R e e T ]
Vref } — w1 [ D1
GLo_E" AT |2~ = T A | =T &S "I#{d‘
Y‘IIIl \"“va vlllr‘ I"‘\“
D2
= | | R | - | - | - | -
e i |2
TENNTE N AT A A _IJ+§0_ 8
o o i el P a
TN AT T AT AT T AT "“"D'4 ﬂN
i | ot v e o | g | g o "Imi,gg =
vlllrl Ilt‘!‘
D6
EEEr s i I o e v | (R e | i o | (. iy |
ot D7
TANTTE TN AT A AT _Iqﬁ 70
|| [ [ [ I o I - -l +
. =] ——Ms0
Reordering
Decoding Circuit ! ]I*Ir‘ﬂ: ]I!*ri[ by Ir<1[ ]I!*Ir‘%[ 1k {4[ ]P‘ri 3
i i =
V'S — . T | o | 2
1 | Li— I =
D7, D&—DE =
1 of 2° Decoder «—< N 7 Din
3 6

Fig. 3.14 The operation illustration of the 6-bit folded R-string DAC with segmented
digital decoders.
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With a resistor-string approach, the DAC has guaranteed monotonicity since any
section on the resistor string must has a low voltage than its upper, neighbor section. It
also has higher accuracy because the accuracy of the R-string DAC is dependent on
the ratio of resistors, not dependent on absolute resistor values [16]. Furthermore, the
area of the R-string DAC can be reduced by using the folded R-string and the
segmented digital decoders. The reordering decoding circuit can simplify the decoder
circuit. The partial decoding function is replaced by the signal paths routing of the
reordering decoding circuit. For this reason, the fundamental decoders can be used for
the segmented digital decoders. Fig. 3.15 is shown that the transistors of the decoders
can be decreased from 780 to 124 in 6-bit DACs. The area of the R-string DAC can
be effectively reduced to about one sixth by using this proposed architecture. This
proposed 6-bit folded R-string DAC with segmented digital decoders is also more

suitable for gamma correction design in TET-I:CD,panel.

» The conventional R-string DAC:

1 of 2° Decoder

d »r x64 + >ox6
12 x64 + 2 x6 = 780 (Trans.)

» The proposed folded R-string DAC:

1 of 2° Decoder |x2 + ﬁx16

(I >»x8+ Dox3)x2 + 1 x16 ~ i
( 6 x8+ 2 x3)x2 + 1 x16 = 124 (Trans.)

Fig. 3.15 The comparison of the transistors number of the decoders between the
conventional and proposed 6-bit R-string DAC.
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3.3.3 Simulation and Verification

According to previous sections in this chapter, we can get whole architecture of
this 6-bit R-string DAC (as shown in Fig. 3.13) and all resistance values of R-string for
gamma correction design (as shown in Table 3.4). This proposed 6-bit folded R-string
DAC with segmented digital decoders has four voltage sources: Vpp =6V, Vg =-2V,
Vier =4V, and GND = 0 V. The first two voltage sources are used for digital decoders.
The rest of voltage sources are used for R-string ladder. This proposed DAC has been
successfully verified in 8-um LTPS technology. The simulation result of this DAC,
assigned a series of digital input codes from 000000 (0) to 111111 (63) at 100-kHz
operation frequency, is shown in Fig. 3.16. The average power consumption of the
proposed DAC is 82.047 uW and the average current through R-string is 20.007 pA.
From above results, we know that the power consumption is dominated by the R-string

ladder in this proposed 6-bit DAC,

35

2.5

1.5

Voltage (v)

500m

0 100u 200u 300u 400u 500u 600u

Time (Sec)

Fig. 3.16 The simulation result of this 6-bit folded R-string DAC with segmented
digital decoders in 8-um technology.
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Table 3.5 and Fig. 3.17 show the voltage values and the GL vs. output voltage curves

in ideal condition, R-string ladder, and this proposed DAC.

Table 3.5
The voltage values in ideal condition, R-string ladder, and this proposed DAC

corresponded to each gray level. Unit: volt.

6L | 1deal Stﬁhg rDAC | | oL | ideal smﬁhg RDAC | | 6L | 1deal smﬁhg rRDAC || oL | 1deal Stﬁhg R-DAC
o | 4 389 | 3.89 16 | 2568 | 2594 | 2.504 2 | 211 | 2011 | 21 a | 14 | | arw
1| 39 | 318 | 378t 17 | 258 | 2550 | 2.550 33 | 2087 | 2088 | 2088 || 49 | 1715 | 1700 | 171
2 | 3750 | 3671 | 367 18 | 2511 | 2524 | 2524 34 | 2063 | 2065 | 2065 s0 | 1.689 | 1.682 | 1.682
3 | 3613 | 3561 | 3.561 19 | 2475 | 2488 | 2488 3% | 204 | 2042 | 200 51 | 1662 | 1.654 | 1.654
4 | 3458 | 345 | 34 20 | 2441 | 2453 | 2453 % | 2017 | 2008 | 2019 52 | 1635 | 1627 | 1627
5 | 3327 | 341 | 304 21 | 2409 | 2417 | 2417 37 | 1904 | 199 | 1906 53 | 1606 | 1599 | 1.5
6 | 3218 | 3232 | 3232 2 | 2377 | 2382 | 2302 8 | 19072 | 1973 | 1973 54 | 1576 | 1572 | 1572
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Fig. 3.17 The GL vs. output voltage curves in ideal condition, R-string ladder, and
this proposed DAC.
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The differential non-linearity (DNL) and integral non-linearity (INL) are
important specification of the data converter circuits except offset error and gain error.
The definitions of DNL and INL are shown in Fig. 3.18 and Fig. 3.19 [17]. “A” is
defined as least significant bit (LSB) in the data converter. However, there is a thing
should be emphasized. The LSB is not a constant value in the nonlinear system, like
this proposed DAC with gamma correction design. For this reason, if the difference
between the bit itself and adjacent upper bit is named Diff (N+1) and that between the
bit itself and adjacent lower bit is named Diff (N-1), the LSB in nonlinear system is
defined as the less one among Diff (N+1) and Diff (N-1). From the simulation result
in Table 3.5, we can find that the DNL and INL in this proposed 6-bit DAC almost

equal to 0.

S -4
Isj DNL(D)) = =——  (LSB)

Fig. 3.18 The definition of the differential non-linearity.

Fig. 3.19 The definition of the integral non-linearity.
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This proposed architecture also has been successfully verified in 3-um LTPS
technology. The simulation results are shown in Fig. 3.20 and Fig. 3.21. Based on Fig.
3.20, we can find that the spikes of this DAC can be obviously reduced by the
advanced technology. This is because the clock feed-through can be greatly reduced

due to the shorter length dimension of transistor.

Voltage (V)

-0.5; \ . . . , . . \ . . \ , .
0 " Twobu " T20buT T Taobu T o Tadbu” T Tsobu T T Teobu

Time (s)

Fig. 3.20 The simulation result of this" 6-bit folded R-string DAC with segmented
digital decoders in 3-um technology.
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Fig. 3.21 The GL vs. output voltage curves in ideal condition, R-string ladder, and
this proposed DAC in 3-um technology.
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In summary, a novel 6-bit folded R-string DAC with gamma correction has been
successfully verified in 8-pum and 3-um LTPS technology. By using the folded R-string
and segmented digital decoders, the area of the R-string DAC can be effectively
reduced to about one sixth. Furthermore, this architecture is also more suitable for
gamma correction design and many kinds of LTPS process. Although, there is only a
discussion for normally white TN-type liquid crystal in this chapter. This proposed
architecture is also suitable for many kinds of gamma value and normally white (or

black) TFT-LCD panel by modifying the R-string value and the decoder architecture.
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Chapter 4
On-Panel Analog Output Buffer for Data Driver
with Consideration of Device Characteristic

Variation

4.1 INTRODUCTION

Based on chapter 1, we know that the LTPS TFTs have been widely investigated
as a material for portable systems, such as digital camera, mobile phone, personal
digital assistants (PDAs), notebook,.and so on,'because the electron mobility of LTPS
TFTs is about 100 times larger than that of the ¢onventional amorphous silicon TFTs.
Furthermore, LTPS can achieve slim,“compact, and high-resolution display by
integrating the driving circuits on"peripheral area'of display. If the mobility of poly-Si
TFTs is further increased, this technology will become more suitable for realization of
SoP applications that will integrate with memory, CPU, and display [18], [19].

At present, LTPS technology has a tendency towards integrating all control
circuits and driver circuits on the glass substrate [20], [21]. In general, the LCD driver
contains gate driver, data driver, and DC-DC converter. The data driver is composed
of shifter registers, latch, level shifters, D/A converters, and analog output buffer. The
last two components belong to the analog circuit region. A novel 6-bit DAC has been
proposed in last chapter. However, the analog output buffer is also a critical design to
achieve the low power dissipation, high resolution, and large output swing on LCD
panel. For this reason, an on-panel analog output buffer for data driver with

consideration of device characteristic variation will be proposed in this chapter.
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4.2 DEVICE CHARACTERISTIC VARIATION IN LTPS TECHNOLOGY

Although using LTPS process can enlarge poly-grain size to improve the device
performance, it usually accompanies a random device-to-device variation on LCD
panel. The harmful effects of irregular grain boundaries, gate-insulator interface
defects, and incomplete ion-doping activation in thin poly-silicon channels result in
the variation on electrical characteristics of LTPS TFTs. Fig. 4.1 shows the variation
on threshold voltage (Vtu) of 120 LTPS n-type TFTs in different locations on LCD
panel. The V1 of LTPS n-type TFTs in different panel locations has wide distribution
from 0.75 V to 2.15 V [22]. The device characteristic variations of LTPS p-type TFTs
in different gate bias are shown in Fig. 4.2 [23]. Based on these two figures, the
device characteristic variations in*LTPS technology are quite large compared with
CMOS technology.

However, in spite of many advantages-of LT PS technology, main applications are
still limited to small size displays: The. reason is that the poly-Si TFTs have poor
uniformity and suffer from large variations on the device characteristics due to the
narrow laser process window for producing large-grained poly-Si thin film. The
random grain boundaries and trap density exist in the channel region. This leads to
some problems in real product applications such as non-uniformity brightness in panel,
error reading in digital circuits, current gain mismatching in analog circuits, and so
on [24]. As a result, the device characteristic variation becomes a very serious
problem for analog circuit design in LTPS technology [25].

In this work, a class-A analog output buffer with suppressing device variation
method has been proposed. By this proposed method, the manufacturing yield of the
circuit can be increased and the performance of the on-panel analog output buffer also

can be maintained effectively.
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Fig. 4.2 The device characteristic variations of LTPS p-type TFTs in different gate
bias.
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4.3 ON-PANEL ANALOG OUTPUT BUFFER

4.3.1 Source Follower Analog Output Buffer [26]

The conventional source follower output buffer has been integrated on the glass
substrate for data driver. However, there are some drawbacks in such output buffer
including the lower output swing and the higher input offset voltage. Fig. 4.3 shows
the circuit of the conventional source follower output buffer and its output waveforms
at different input voltages. From this figure, we can find that the output swing of the
source follower output buffer is limited to Vpp—Vy,. Besides, there is always an input
offset voltage in the source follower output buffer due to the threshold voltage of the
TFT. The output swing and input offset voltage of source follower output buffer are
not constant values, because these.are both related to the various threshold voltages of
the TFTs in different panel locations. The Monte Carlo simulation results of source

follower output buffer is shown in Fig.4.4-

Vdd=10V

[ Vin=8V.______

o =2 N W A 00O N
™

oy [ > | | :
Vout § [ 1
Vbias.—l I: Cload [ | 5
=T =20pF I
1 1 0 50 100 150 200
= = Time(us)
(a) (b)

Fig. 43 (a) The conventional source follower output buffer and (b) its output

waveforms at different input voltages.
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Although the source follower output buffer has a huge input offset voltage, the input
offset voltage can be reduced by using some compensation technique, like Fig. 4.5
shown. The additional switch devices, capacitors, and control signals are necessary
for these methods. The power consumption of this output buffer will become an

important issue due to the extra Vy;,s voltage and the DC current path.

Vin=6V

Vin=4V

Vout(V)

10 20 30 40 50
rTime'(ps)

Fig. 44 The Monte Carlo simulation results of the conventional source follower
output buffer.
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S3 52 (2) data-input period 2k |
Cload [
Vbias E =20pF 1F
o [ . I 2 L a 1 . L i
I 0 10 20 30 40 50
= Time(us)
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Fig. 4.5 (a) The source follower output buffer with Vi compensation method and (b)
Monte Carlo simulation results of this source follower output buffer.
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4.3.2 Unity-Gain Output Buffer with an OPAmp
The conventional source follower output buffer has lower output swing and
larger input offset voltage. In opposition to the source follower output buffer, the
unity-gain output buffer with an OP amp has lower input offset voltage. The relation
function between the input and output of this output buffer is
Vv A

o:m in “4-1

For this reason, the input offset voltage can be reduced by the large open-loop gain (A)
of the unity-gain output buffer with an OP amp. In this work, the two-stage OP amp is

adopted as a unit-gain output buffer, since the two-stage OP amp has higher open-loop

gain, as well as the OP amp has high immunity to noise. Furthermore, the unity-gain

output buffer with an OP amp has.a larger-slew:raté-for driving the capacitance load of
the data bus on panel than that of source follower output buffer at the same operation

frequency.

The circuit diagram of the class-A analog output buffer with N-TFTs input stage
is shown in Fig. 4.6. As a unity-gain buffer, the output node (Vo) is connected to the
negative input node (Vi-) and the input signal is applied to the positive input node
(Vi+). This output buffer comprises four parts as following. The first part consists of
an n-channel differential pair (M1-M2) with a p-channel current mirror load (M3-M4)
and an n-channel tail current source (M5). The second part is a common-source
amplifier stage (M6-M7), which can improve the open-loop gain and reduce the input
offset voltage for this output buffer. The bias generator part is a constant g, bias
circuit (M11-M16 and Rg), which can provide the bias voltages for this output buffer.
By using constant g, bias method, a more steady reference voltage can be generated

due to the constant g, value.
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Fig. 4.6 The class-A analog output buffer with N-TFTs input stage.

However, the bias circuit is’a self-biasing’.circuit, it needs a start-up circuit
(M21-M24) that turns on the bias circuit in the beginning and automatically be turned
off after bias circuit working.

Since there are two poles in ‘this.unity-gain output buffer circuit, the OP amp
circuit needs frequency compensation to improve the phase margin and stability of the
OP amp. In this work, the Miller compensation technique with nulling resistor (M8
and C¢) is adopted as frequency compensation circuit, which can provide a negative

Z€10o as

1
=
(l/gm6_RC)CC 4-2)

where the resistor Rc is implemented by using a P-type TFT (M8) biased in the triode
region. Making the resistance (R¢) greater than 1/g,s moves the zero into the left
half-plane (LHP), which can be used to provide positive phase shift at high frequency

region and consequently to improve the phase margin of this output buffer.
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The simulated frequency response and circuit performances of this output buffer are

shown in Fig. 4.7 and Table 4.1, respectively.

DC Gain = 52.8dB

Frequency=1.01e+006

Unity Gain Freq =
1.01MHz

Phase Margin = 82.5° e

@
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9
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>

100 1k 10k 100k 1x 10x 100% 1g 10g
Frequency (log) (HERTZ)

Fig. 4.7 The simulated frequency response of the class-A analog output buffer with

N-TFTs input stage in open-loop ‘condition.

Table 4.1

Summary of the simulated circuit performances of the output buffer in Fig. 4.6.

Open-Loop Characteristics
Differential Gain 52.8 dB
Phase Margin 82.5°
Unity Gain Bandwidth 1.01 MHz
CMRR 57.81 dB
PSRR + (-) 58.7 (62.2) dB
Close-Loop Characteristics
Output Swing 1.8~92V
Slew Rate 1.510 V/us
Average Power Dissipation 1.386 mW
Power Supply Vop=10V, Vgs=0V
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4.3.3 Proposed Output Buffer with Suppressing Device Variation

Based on section 4.2, we can find that the threshold voltages of the N-type TFT
devices in different panel locations vary from 0.75 V to 2.15 V, whose variation is
quite large compared with CMOS technology [22]. Besides, the device characteristic
variation of the N-type TFT is more serious than that of P-type TFT [27]. For example,
the mobility variation of N-type TFT and P-type TFT under the hot-carrier stress are
-38.627% and +7.054%, respectively [28]. The average of mobility variation for
n-channel and p-channel TFTs at different stress conditions are shown in Table 4.2.

For this reason, replacing the critical part of the analog circuit by P-TFTs is a
valid technique for suppressing device characteristic variation and improving the
manufacturing yield of the analog circuit. In this unity-gain output buffer, the
differential pair of the OP amp isithe critical patt. Therefore, the output buffer with
P-TFTs input differential pair is-proposed to supptess-the device variation in this work.
This proposed output buffer with P-TETs input stage can be operated at 50-kHz

operation frequency with an output voltage swing of 1-to-9 V

Table 4.2

Mobility variation for n-channel and p-channel TFTs at different stress conditions.

Average
.. Std. Dev
Variation (%o)
Hot-Carrier N-Channel -38.627 6.65
Stress Condition P-Channel +7.054 2.72
On-Current N-Channel +11.828 3.28
Stress Condition P-Channel +2.251 0.6525
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Fig. 4.8 The class-A analog output buffer with P-TFTs input stage.

The proposed analog output buffer with P-TFTs input stage is shown in Fig. 4.8.
These two OP amps (in Fig. 4.6 and Fig. 4.8) have the similar dc voltage gain, as

shown in the following

A\/ (O)N—input = gml—N ’ gm6—P ) Rl ) R2 (4 - 3)

A\/ (O)P—input = gml—P ’ gmé—N ) Rl ) R2 (4 - 4)

where R is the value of ry; parallel with r,4 and R; is the value of ro¢ parallel with r,7.
From equations (4 - 3) and (4 - 4), the dc voltage gain of OP amp with P-TFTs input
stage is almost similar to that of OP amp with N-TFTs input stage, when (W/L); and
(W/L)s are designed with the same device dimensions.

There are some advantages in the OP amp with P-TFTs input stage compared
with the OP amp with N-TFTs input stage. The OP amp with P-TFTs input stage has

larger unity-gain frequency since ®, ~ |p2| = gme/Cr and gme-x is larger than gme.p.
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Furthermore, this OP amp with P-TFTs input stage also has better slew rate than the
OP amp with N-TFTs input stage due to the larger unity-gain frequency in the OP amp
with P-TFTs input stage. The OP amp with P-TFTs input stage also has more steady
circuit performances, because the critical part (differential pair) of the OP amp is
composed of the P-TFTs which have less device characteristic variation. The
simulated frequency response and comparison on circuit performances are shown
in Fig. 4.9 and Table 4.3, respectively. From this simulation results, we can find that
the circuit performances in this proposed output buffer also can be maintained nearly

the same as the performances in the output buffer with N-TFTs input stage

Frequency=1.04e+006

Volts dB (lin

Unity Gain Freq = 1.04MHz
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Fig. 4.9 The simulated frequency response of the class-A analog output buffer with

P-TFTs input stage in open-loop condition.
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Table 4.3

The summary and comparison of the simulated circuit performances of the
output buffer in Fig. 4.6 and Fig. 4.8.

Open-Loop Characteristics

N-TFTs input stage

P-TFTs input stage

Output Buffer Type
OP amp OP amp
Differential Gain 52.8dB 46.9 dB
Phase Margin 82.5° 67°
Unity Gain Bandwidth 1.01 MHz 1.04 MHz
CMRR 57.81 dB 59.3dB
PSRR + (-) 58.7 (62.2) dB 76.3 (52.3) dB
Close-Loop Characteristics
Output Swing L8~92 V 091~9.1V
Slew Rate 1.510 V/us 1.885 V/us
Average Power Dissipation 1.386.- mW 1.734 mW

Power Supply

VDDIIOV,VSSIOV

VDDZIOV,VSSZOV

Besides, the P-TFTs have less flicker noise (1/f noise) than that of N-TFTs, since

supply of this circuit is Vpp of 10 V and Vgg of 0 V.
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holes are less likely to be trapped. For this reason, the proposed output buffer with
P-TFTs input stage has better flicker noise (1/f noise) performance than that of the
output buffer with N-TFTs input stage. Moreover, the proposed output buffer with
P-TFTs input stage also has other advantages, such as larger slew rate, lower input
offset voltage, and better immunity to noise, as comparing to the source follower
output buffer. The proposed output buffer with P-TFTs input stage can be operated at

50-kHz operation frequency with an output voltage swing of 1-to-9 V. The power




4.4 EXPERIMENTAL RESULTS

The class-A output buffers with N-TFTs input stage and P-TFTs input stage have
been design and fabricated in a 8um LTPS technology. The photographs of these
buffers on glass substrate with the corresponding pin names are shown in Fig. 4.10 (a)

and Fig. 4.10 (b), respectively.

(b)

Fig. 4.10 The photographs of the class-A output buffers with (a) N-TFTs input stage
and (b) P-TFTs input stage.
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The setup illustrations for slew rate, output swing, and unity-gain bandwidth
measurement are shown in Fig. 4.11 and Fig. 4.12, respectively. Tektronix TDS 3054
is an oscilloscope using to detect and display the signal waveforms. HP 4156B is a
semiconductor parameter which can provide a Vpp of 10 V and Vs of 0 V. Agilent
81110A and HP 8116A are function generators which can provide input signals, like
square waveform or sine waveform. These instruments are used to measure the
fabricated output buffer circuit.

Fig. 4.13 shows the proposed analog output buffer under the PCB (printed circuit
board) with wire bonding and the measurement setup illustration with the wire
bonding glass substrate samples. The glass samples under the PCB with wire bonding

has more flexible measurement method for other application and demonstration.

HP 4156B Semiconductor Parameter

DC Probing Station

05.06.2006

Agilent 81110A Pulse-/Pattern generator

Fig. 4.11 The setup illustration for slew rate and output swing measurement with DC

probing station.
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dissasm
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Fig. 4.12 The setup illustration f(?,r wnity=gain bandwidth measurement with DC
probing station. R

ofgoge

Tektronix TDS 3054 Digital
Phosphor Oscilloscope
Agilent E3615A DC Power
Supply

HP 8116A Pulse/Function
Generator

Fig. 4.13 The proposed analog output buffer under the PCB with wire bonding and

the measurement setup illustration with the wire bonding glass substrate samples.
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The measured output waveforms of class-A output buffers with N-TFTs input
stage and P-TFTs input stage are compared in Fig. 4.14 and Fig. 4.15. Based on Fig.
4.14, we can find that the slew rate (output swing) of these two output buffers are
1.843 V/ms (0.2-t0-6.8 V) and 1.961 V/ms (0.8-t0-9.6 V), respectively. Moreover,

from Fig. 4.15, the unity-gain bandwidth of these two output buffers are 55.6 kHz and

107.2 kHz, respectively.
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Fig. 4.14 The measured output \rivav‘cforms_ of the class-A output buffers with (a)
N-TFTs input stage and (b) P-TFTs input stage about slew rate and output swing.
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(a)
Fig. 4.15 The measured output waveforms of the class-A output buffers with (a)
N-TFTs input stage and (b) P-TFTs input stage about unity-gain bandwidth.
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The measured results of slew rate and output swing among 13 class-A output
buffers with N-TFTs input stage are shown in Fig. 4.16. The output buffer with
N-TFTs input stage really has poor manufacturing yield and performance stability due
to the wider device variation. Based on the measured results in Fig. 4.14 and Fig. 4.15,
obviously, we can find that the proposed output buffer with P-TFTs input stage has
higher manufacturing yield and performance stability than those of the output buffer
with N-TFTs input stage. The experimental results also have proven that replacing the
critical part of the analog circuit by P-TFTs is a valid technique for suppressing device

characteristic variation on glass substrate.
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Sample Number

Fig. 4.16 The slew rate and output swing of the class-A output buffer with N-TFTs

input stage, which are measured from 13 samples on glass substrate.
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4.5 DISCUSSION

The accuracy of the data driver is determined by DAC circuit combined with
analog output buffer. Even though the DAC has high accuracy, the data driver also has
not enough accuracy with a low accuracy analog output buffer. For this reason, the
input offset voltage of the analog output buffer will become a serious issue in data
drivers. Fig. 4.17 shows a valid input offset compensation method and the
measurement results of this analog output buffer with the offset compensation
technique [22]. During the period I, the offset voltage is stored in Cy. In the period I,
the detected offset voltage in Cy is added into the inverting input node. From Fig.
4.17 (b), we can find that the offset voltage of this analog output buffer can be

compensated under the second period by using this offset compensation technique.

The Buffer With u |

Offset Compensation RC Ladder Period v Vin
Vin Vosm Output Loading vl I —v“ o \‘\4
Vout 10 kO Wk 10kD — — - -)» a8V - 1': ”F__"‘i

. -(-50kHz-> ‘i

20 pF 20 pF 20 pF .
L7~ P
V— —mm = +2V |

| 1
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2 V/Div

; With Offset
o1 _ 0~10V Compensation _ |
2 _| I— 50 kHz Chil 2.00v @F 200V |M10.04s A Chi F 5.00V
Ty ] i ] P 10 us/Div.
(@) (b)

Fig. 4.17 (a) Circuit and signal-timing diagram of the analog output buffer with the
offset compensation technique. (b) The measurement result of this analog output buffer
with the offset compensation technique under 50-kHz square wave with a swing of
2-to-8 V.
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46 SUMMARY

In this chapter, A class-A output buffer with device variation suppressing
technique in LTPS technology has been proposed and verified in 8-pum LTPS
technology. The output buffer with P-TFTs input stage can be operated at 50-kHz
operation frequency with at least 1-to-9 V output swing under Vpp of 10 V and Vg of
0 V. The slew rate of this proposed output buffer is 1.961 V/us. The device
characteristic variation has been successfully suppressed by replacing the critical part
of analog circuits by the P-TFTs. The proposed output buffer with P-TFTs input stage
can be used in the on-panel data drivers to provide a uniform brightness and high
resolution display. Furthermore, this proposed analog output buffer is also suitable for
ambient light sensor system to boosting thé:output signal. Fig. 4.18 shows the

proposed analog output buffers are used for pixel array in TFT-LCD panel.

=\ Analog Output Buffer

Pixel Cell

Fig. 4.18 The proposed class-A output buffer with P-TFTs input stage using for pixel
array in TFT-LCD panel.
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Chapter 5

Conclusion and Future Works

5.1 CONCLUSION

A novel 6-bit folded R-string DAC with gamma correction for on-panel data
driver has been proposed in chapter 3. This proposed DAC has been successfully
verified in 8-um and 3-um LTPS technology. By using the folded R-string and
segmented digital decoders, the area of the R-string DAC can be effectively reduced
to about one sixth and the complexity of circuit can be simplified. Furthermore, this
architecture is also more suitable;for gamma ¢otrection design and many kinds of
LTPS process. Although, there is only a discussion for normally white TN-type liquid
crystal in this thesis. This proposed:architecture is-also suitable for many kinds of
gamma value and normally white (or black) TET-LCD panel by modifying the R-string
value and the decoder architecture.

In chapter 4, a class-A output buffer with device variation suppressing technique
in LTPS technology has been proposed and verified in 8-um LTPS technology. The
output buffer with P-TFTs input stage can be operated at 50-kHz operation frequency
with at least 1-to-9 V output swing under Vpp of 10 V and Vgs of 0 V. The slew rate
of this proposed output buffer is 1.961 V/us. The device characteristic variation has
been successfully suppressed by replacing the critical part of analog circuits by the
P-TFTs. The proposed output buffer with P-TFTs input stage can be used in the

on-panel data drivers to provide a uniform brightness and high resolution display.
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5.2 FUTRUE WORKS

Although the proposed 6-bit folded R-string DAC in this thesis are successfully
designed and verified in LTPS technology. The accuracy of the data driver is
determined by DAC circuit combined with analog output buffer. Even though the
DAC has high accuracy, the data driver also has not enough accuracy with a low
accuracy analog output buffer. This is because that the analog output buffer has large
input offset voltage. For this reason, the input offset voltage of the analog output
buffer will become a serious issue in data drivers. Fig. 5.1 shows a valid input offset
compensation method [20]. In this circuit, the pre-charge buffers first execute rapid
charging or discharging of the data-line with respect to the analog signal voltage of
the R-DAC. After that, the R-DAC output, swhich is a signal voltage precisely
determined by the reference string resistance, 1s connected directly to the data-line. By
using this method, the offsetZof the pre-charge buffers can be neglected in this
operation mode of the proposed DAC. Furthermote, since the pre-charge buffers carry
most of the power load required to charge the data-line, static current through the

reference string resistance can be kept to a minimum.

Digital Video Data

Pre-Charge Buffer
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Fig. 5.1 The architecture of the DAC circuit combined with analog output buffer
with input offset compensation method in TFT-LCD panel.
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In addition, the power dissipation must be minimized while displays are used
toward portable applications. The analog output buffer is a critical design to achieve
the low power dissipation on TFT-LCD panels. In chapter 4, we propose a class-A
output buffer with device variation suppressing technique in LTPS technology. But,
the class-A output buffer has a drawback which is less power efficiency. This is
because this kind of output buffer always has a DC current path. If we can replace the
output stage of the OP amp by class-B or class-AB output stage, the power
consumption of analog output buffer will be reduced effectively [29]. For
example, Fig. 5.2 shows a class-B analog output buffer with device variation

suppressing technique.
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Fig. 5.2 A class-B analog output buffer with device variation suppressing technique.
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