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Chapter 4

Drivers for Passive-Matrix LC s

This chapter is devoted to the description of reliable architectures and circuit
solutions suitable to efficiently implement drivers for passive-matrix LCDs. Since
passive-matrix LCDs have a limited number of rows and columns (the present
maximum resolution for hand-held devices adopting passive-matrix LCDs is the
Quarter-VGA having 320 rowsx240 columns), the driver is commonly a single-

chip1 mixed-signal integrated circuit (driver XC). It includes as main functionalities:
microprocessor interface, control logic, display memory, temperature compensation,
voltage-level generation/regulation, and drive (row and column) outputs.

It is worth noting that research has continuously produced new materials suitable
for display applications, even substantially different from LCs (see Appendix A for
alternative flat panel technologies). These materials need driving circuits with
somewhat different requirements than those treated here [L2001]. Nevertheless, the
architecture discussed here is conceptually of broad application and many of the
building blocks presented are of general significance.

In this chapter the typical driver IC architecture is introduced in section 4.1. A
discussion of the constituting blocks is performed in Sections 4.2-4.6. The features
required to the IC fabrication technology suitable for the application are described
in Section 4.7. Finally, a survey on the chip assembling methods is given in
Section 4.8.

4.1 Driver Architecture

It was described in Section 3.2 that single line or multiple line addressing
approaches are possible in PMLCDs. CSTN LCDs often adopt the MLA technique
which offers the best performance. For this reason, unless otherwise stated, we will
consider this driving approach in this chapter.

IBecause of the greater number of rows and columns, large-area (active-matrix) LCDs cannot
be driven by a single chip which would require an unfeasible number of pins. As we will see
in Chapter 6, they adopt a different architecture made up of a controller board and several row
and column driver ICs.

D.JR. Cristaldi et al., Liquid Crystal Display Drivers, DOI 10.1007/978-90-481-2255-4 4, 109
© Springer Science+Business Media B V 2009
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110 4 Drivers for Passive-Matrix LCDs

The generic block diagram of a passive-matrix LCD driver? is illustrated in Fig,
4.1. Other than the LCD panel, that is represented for reference as it does not belong
to the driver, we have indicated as main blocks the Host Interface, LUT (Look-up
Table)/Dither, Display Data RAM, Color Processing, MLA and Grey
Generation, Control Logic, Timing Controller, OTP (One Time Programmable)
Memory, Oscillator, Temperature Sensor, Temperature Compensation, DC/DC
Converter, and finally Column and Row Drivers. It is worth mentioning that some
block functions have distributed allocation when actually implemented, but are here
described as concentrated for the sake of clarity. Also, the diagram does not include
the power supply, but two external supplies are usually required: one for the host
interface and the other for the DC/DC converter and analog blocks. The value of the
former is related to the voltage levels adopted by the standardized signalling
approach (usually, it is equal to 1.8 V), the latter depends on the silicon process
utilized and is somewhat higher (e.g., 2.8 V). Today there is a certain tendency to
adopt only a single supply, but this trend has not produced standardization yet.

Some of the blocks included in Fig. 4.1 perform functions already explained in
the previous chapter and should be familiar to the reader, other blocks and their
related functions will be explained in the following.

Data coming from a micro controller unit (MCU host) can represent either
commands or video information. They are initially interfaced and prepared to be
respectively interpreted (by the Control Logic section) or stored (into the RAM).
Video data are also optimized through Color Processing techniques (e.g., Gamma
Correction). On-chip oscillators and stabilized DC voltage generators are also
necessary for synchronization and generation of accurate reference voltages. Proper
biasing with high-voltage boosting circuits is also required to generate pixel voltage
levels greater than the supply one. Column and row voltages are finally provided as
outputs through the Column and Row Drivers.

The implementation of all these functions should be optimized to contain chip
size and cost,> as well as the required number of external components, such as
capacitors used by the voltage multipliers (pumping capacitors) or needed to absorb
large current spikes (bypass capacitors). Reduction of power consumption? and
crosstalk with enhanced protection to electrostatic damage (ESD) are also important
issues. Lastly, easily programmable display features are often desirable from the end
user. As a result, both the utilized silicon process with its minimum lithographic
resolution (0.18-0.25 pm are common) and the adopted circuit design techniques
play an important role in the driver economy considering that, owing to the great
number of output channels, the aspect ratio of the die is usually high (e.g.,
20 mmx1 mm). However, unlike one could be induced to think by the large number
of output pads, an IC driver for small-area LCDs is not PAD limited for two main
reasons:

2 Another electrical section, the backlight inverter (a DC/AC converter) is present in an LCD,
but it is implemented as a separate circuit.

3Given the strong competition in the flat-panel display market, the cost is perhaps the most
crucial parameter. Thanks to the scaling-up and technological simplification the price of
mobile devices has been steadily decreasing by approximately 30% a year.

4power consumption of PMLCD drivers for mobile applications is usually around 2 mW.

Liquid Crystal Drivers 111

(1) With the evolution of the market and technologies, the display manufacturers
have reduced the assembly pitch to follow the lithographic scaling of silicon driver
technologies.

(2) High-performance AMLCDs are potentially PAD-limited, but they may
adopt LTPS technologies that allow the PAD number to be reduced thanks to the
implementation of multiplexers directly on the glass. At this purpose, a single
column line instead of three for the RGB subpixels is typically adopted; and some
manufacturers have succeeded in implementing a 12-to-1 MUX.

Display panel External
Components
Tl
Column Driver Row Driver
MLA and
G eneration
ray Gene beDC
J Converter
Color Processing
; Timing : Temperatue
Display Data RAM Controller Oscilator Compensation
LUT/
Cortrol oTP Temperature
Host Interface Logic Memory Sensor
I-
parallel data serial data

Fig. 4.1 Block diagram of a PM-LCD driver IC (within dashed box)

In the following sections we will explain in detail the behavior of a PMLCD
driver by grouping its functions into 5 main categories, namely: (1) Host Interface,
(2) Power Manager, (3) Driver Manager, (4) Image Processing and (5) Output
Drivers.

4.2 Host Interface

4.2.1 Interfaces

Image data and commands are transferred from the MCU host to the driver, whereas
diagnostic data and state information (e.g., driver ON/OFF condition) are transferred
from the driver to the host. A bidirectional data link between the MCU and the
driver is hence required. At this purpose, either parallel type or serial type
communication interfaces have been exploited. In presence of multiple standards, to
maximize flexibility and easy of use, a general driver IC is equipped with the most

BOE
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112 4 Drivers for Passive-Matrix LCDs

popular industry standard host bus interfaces such as the (parallel type) 68 000 and
8080 and (serial type) 3 lines 9 bit and 4 lines SPI (Serial Peripheral Interface).

The two well-known parallel-type interfaces (introduced by Motorola and Intel,
respectively) were the first exploited. A detailed description of these interfaces is
beyond the scopes of this book. Here it is sufficient to say that they adopt CMOS
standard signalling levels (that have progressively reduced from 3.3 V, 1.8 V, and in
the next generation products to 1.2 V) and provide maximum speed rates up to
20 MHz for each channel.

Note that from the physical point of view, speed is ultimately limited by the RC
time constant of the connection lines. However, the transfer rate between the host
and the driver has significantly increased over the last years, to support the
progressive migration of displayed data from text, to images, video, and full color
compatibility. At this purpose, parallel-type interfaces were the first adopted for
their higher transfer rates obtained by transmitting more bits in parallel. The main
drawbacks of parallel connections are related to their cost and high exposure to
mechanical breaks (of bus lines and connector contacts), which obviously may harm
the whole system. The aforementioned problems are considerably reduced by
adopting serial type interfaces, as they require a limited number of physical lines and
are thus cheaper and more reliable.

We have mentioned two serial-type interfaces. These are briefly described
below:

- 3 lines 9 bit from Nokia

the three lines are used for enable, clock, and data, the latter being in the 8-bit

format plus 1 additional bit for datum/command discrimination.

— 4 lines Serial Peripheral Interface (SPI)
the function of the first three lines is the same as above, the fourth line is used
for datum/command discrimination. Data are in the 8-bit format.

It should be observed that these are just two examples, since new interfaces are
continuously developed. For example, Motorola adopts another interface type that
uses 16 bit. The first 8 bit are used to code the command and the remaining 8 bit
represent the data. It simplifies the subsequent elaboration task but can be less
efficient for long data series transfer.

In conclusion, it is worth noting that these “low-speed” serial interfaces are
typical of PMLCDs, owing to the limited data-transmission rate required. High-
speed serial interfaces, required by AMLCDs, will be discussed in Section 6.2.

4.2.2 LUT/Dithering

Before being stored into the RAM, data at the output of the host interface may be
remapped to fit the RAM word length. Two techniques may be needed: insertion of
additional bits and rounding.

The former approach is required if the data length is smaller than the RAM word
length. In this case, we need extending a reduced data color depth into the maximum
one dictated by the RAM through a Look-Up Table (LUT) that is an associative
array giving an output value for each of a range of index values. The LUT is also
called color map or palette.

Liquid Crystal Displays Drivers 113

For example, consider a 18-bit RAM and 8-bit video data (as in the first case
illustrated in Fig. 4.2). Assume that a number of 3 bit are used for Red and Green
colors and 2 bit for Blue (3R 3G 2B). Data can be hence remapped to employ all 18
bit (6R 6G 6B). Other examples are included in Fig. 4.2.

Interface RAM

3R 3G 2B, 8bpp =256 colors
4R 4G 4B, 12bpp = 4k colors LUT
5R 6G 5B 16bpp = 65k colors

6R 6G 6B,
6R 6G 6B, 18bpp = 262k colors 18bpp = 262 k colors

8R 8G 8B, 24bpp = 16M colors Dithering

Fig. 4.2 Example of LUT/Dithering operation required in the case of a 18-bit video
RAM

On the contrary, when the incoming data word length is greater than that allowed
by the RAM we need to reduce the color depth, as illustrated in the last case of Fig.
4.2. At this purpose, the easiest solution is to truncate some bits. However,
truncation may cause a significant error in the displayed image, like the generation
of false contours. To limit this problem, several rounding (dithering) techniques
have been developed such as conventional rounding, error feedback rounding, and
dynamic rounding [J2001]. For example, error feedback rounding is performed by
storing the residue of a truncation and adding it to the next addressed pixel. It
substitutes less visible noise-like quantizing errors instead of contouring artefacts of
simple truncation. An implementation scheme is shown in Fig. 4.3 where data word
length is reduced from 16 to 8 bit. Note that the register included in the feedback
path produces 16-bit output word in which the eight most significant bits are “0” and
the remaining 8 bit are the 8 LSB of the previous output word.

Data IN 16 16 8 B) Data OUT
(16 bit) (8 bit)
16
8MSB=0;8LSB 8 (LSB)
Register

Fig. 4.3 Example of dithering algorithm using error feedback
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114 4 Drivers for Passive-Matrix LCDs

4.3 Power Manager

The Power Manager section is devoted to the generation of all the bias and reference
voltages (and currents) required by the driver circuits. Especially for hand-held
devices, that can be subjected to dramatic temperature excursions during normal
operation, it is essential that the reference voltages are temperature stabilized. The
use of color graphics also worsens this problem since the color quality heavily
depends on the absolute value of the LC threshold voltage and on the accuracy of the
driving voltage level.

4.3.1 Temperature-Compensated Voltage Generator

All the internal reference voltages are generated from a reference bias circuit that is
temperature compensated. A DC voltage, independent of temperature, is obtained
through well-established circuits called bandgap references.’

A bandgap reference voltage has nominal zero temperature dependence as it is
obtained by summing two voltages with proper weighting that have respectively
negative and positive temperature coefficients. These voltages rely on the
exponential voltage-to-current law of bipolar devices, for both positive (thermal
voltage, ¥7) and negative (base-emitter voltage, Vp;) temperature coefficients
[W1971,K1973, B1974, BSU1999, MMF2001, GPC2003].

A bandgap reference circuit can be implemented in CMOS technologies by
exploiting the inherent parasitic bipolar devices. Two examples of bandgap voltage
generators are illustrated below.

The voltage reference in Fig. 4.4 is based on a differential amplifier. The bias
currents, Iy and I, are set equal by imposing equal voltage drops across both the
resistors Rs and R, exploiting the virtual ground of the OpAmp.

Design equations are

ey, =V Vs =£ln (ij 4.1)
R, R, Ap
R A,
Vesr = Vg + 2R|]C1,z =V +2V; _111{LJ (4.2)
2 £l

This circuit requires that npn BJTs are available in the adopted CMOS
technology.

5As known, this terminology is due to the fact that limit for T->0 K of the obtained reference
voltage is the bandgap voltage of silicon.
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Voo

Rs Ra

VREF
OpAmp

R2

Fig. 4.4 Bandgap voltage reference with bipolar transistors

oS
pn
to
be
found by inspection and results in
I =Klm[ih] (4.3)
R, Ayy ey

The virtual ground also forces the voltage drops across R and R, to be equal,
that is I1/Ic;=R»/R,. Substituting this expression in (4.3), Vgsr results to be

R A, R
Veer =Vap +Vr [1 + FLJIH(A_EE;EJ (4.4)

Generally, transistors Q; and O, are equal so that their emitter ratio is unitary and
the output voltage mainly depends on resistive ratios.
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116 4 Drivers for Passive-Matrix LCDs

Ry R2

VREF
OpAmp

Fig. 4.5 Bandgap voltage reference circuit compatible with CMOS technologies

Figure 4.6 shows a typical behavior of the voltage versus temperature obtained
by such circuits. They provide a temperature drift performance in the range of about
20-100 ppm/°C.

1.2525

1.2620

1.2515
-40 30 100
Fig. 4.6 Typical behavior of bandgap reference voltage versus temperature

4.3.2 Temperature Sensor

It was explained in Section 2.2.2 that the electro-optic (7/¥) characteristic is
dependent on the temperature. This problem is illustrated in Fig. 4.7a, where three
curves are plotted for different temperatures T;> T)\> T, , where T, is the ambient
temperature (be careful that letter 7" is used for both Transmittance and
Temperature). From the figure it is seen that 77 (and also Vgy) decreases with the
temperature, this is because the viscosity of the LC mixture decreases with the
temperature and hence a reduced energy is required for the realignment. More
specifically, the typical curve of ¥y versus temperature for STN LCDs is illustrated
with solid curve in Fig. 4.7b.

Liguid Crystal Displays Drivers 117

As described in (3.18) and (3.19), ¥ is proportional to ¥y, therefore in order
to avoid that display contrast is affected by temperature variations, ¥;cp must follow
the same Vpy temperature behaviour. At the system level, V;¢p can be reconstructed
by a piece-wise curve. This allows a simplification of the design and the
minimization of data stored in the OTP. For example. the dashed curve in Fig. 4.7b
represents one of the possible implementations of the curve into three segments
having two intersections at temperatures T, and Ty. T, and Ty as well as the slopes
of the three segments can be fine-tuned by the module maker according to the
adopted LCD mixture and then stored in the OTP.

100
c
9
[7]
@ . -
g increasing
£ 50 temperature
=
ES
0 RMS Voltage
[V cprange
(@)
2.0
X
=3
;>E 1.5
1 T (°C)
-40 T Ta T
(b)

Fig. 4.7 (a) Electro-optic transfer function for three different temperatures,
T\)> T 5> T, , highlighting the associated Vcp ranges. (b) Threshold voltage versus
temperature (solid line), and a possible segmentation (dashed line)

A temperature sensor is used to monitor the junction temperature of the driver,
which is supposed to be very close to the display temperature. This information is
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118 4 Drivers for Passive-Matrix LCDs

used not only in the block that generates the temperature segmentation of ¥;¢p, but
also to change the frame frequency adapting it to the operating conditions of the
LCD mixture. A possible block diagram of a temperature sensor is shown in Fig.
4.38.

Vac -40°C) = 770mV
VD(+87C)= VDD
7
cK COUNTER
—+_ Latch
D TMP [6:0]
GND

Fig. 4.8 Block scheme of the Temperature Sensor

CK is a synchronization signal coming from the Local Oscillator and feeding the
7-bit Counter. If the input feedback voltage at the AND gate is high, then the
Counter output is increased by 1 bit at each clock pulse. The Counter output is then
converted to an analog voltage through the resistor-string DAC and compared with
the junction voltage of diode, D. The diode is forward biased through a constant
current Iy and its useful voltage range is comprised between Vp(—40°C) =770 mV
and Vp(+87°C) =500 mV with a slope of -2 mV/°C. As far as the DAC output
voltage is higher than the diode voltage, the counter will increase its output. The
count up is stopped as soon as the output comparator switches down and the counter
result is transferred to the Latch Register.

Observe that the DAC output corresponds to 770 mV for the lowest input word,
00HEX (i.e.. the output voltage decreases for increasing input word).

A digital low pass filter can be inserted after the Latch Register to average the
temperature value over a few (e.g., 4) acquisitions.

With a 7-bit variable TMP[6:0], the temperature ranging from the minimum
value, —40°C, to the maximum 87°C can be detected with a resolution of 1°C.

Finally, the expression of the segmented ¥;cp as a function of the temperature is
given by

Viepra + (T, =T)Spy +(T =T;)Sy,  for T<T,
Vo Viewaa +T =TSy, for LT<Ty
Vievra ¥ Ty =T )Spy +(T =Ty )Spy for  T>Ty

in which V;¢pry is the nominal ¥;cp voltage at ambient temperature, whereas Sy,
Sy1, and Syy are the slopes of the segments defined by the module maker and stored
in the OTP. Figure 4.9 illustrates an example of the segmented ¥;cp. In the figure
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are also included Vicp 14 pax and Vicprg agn. that are the boundaries of the range in
which V,¢p may vary as a function of the threshold voltage and the number of
display rows. In general, for a color STN LCD with 128 rows the maximum ¥Vycp
variation at ambient temperature is comprised between 5 V and 15 V.

Vico(V)
15
Viepta
H
5
T
40° TL TA TH 80°

Fig. 4.9 Example of a segmented temperature programmable V;cp voltage. The
temperature range is split into three segments. Parameters Vycp 4, S7. S74 and Sy are
the only stored into the OTP

4.3.3 DC/DC Converter

For battery-operated portable devices, the external supply is kept low to contain
power consumption, therefore integer multiplication factors (x2, x3, x4 and even
more) in both positive and negative amplitudes are required to generate the row and
column voltages. A DC/DC converter that uses only switches (diodes originally) and
capacitors is referred to as charge pump [D1976]. This inductorless architecture is
amenable for integration and causes relatively low electromagnetic interferences
(EMI). It is popular in low noise applications such as EEPROM, implantable
pacemakers and, of course, small-size (up to around 8 in.) LCDs [GP1996, M1997,
WW1998, YKC2003, SK2008].

The simplified scheme of a voltage multiplier ideally providing an output
voltage, ¥, equal to 3¥pp is depicted in Fig. 4.10. The circuit includes three stages,
each made up of a diode and a capacitor. Cpy models the input generator capacitance,
while Cp; and Cp, are the pumping capacitors and Cg is the bulk capacitor with
function of storage and filtering, acting as a voltage generator for the load. A square-
wave oscillator provides two phases that drive one terminal of the pumping
capacitors. After a certain transient, dictated by the charging time of the generator-
diode-capacitor system and the frequency of the oscillator, Cp,; is charged to Vpp-¥p,
and Cp, to 2Vpp-2Vp and Coyy to 3¥pp-3V)p, in which V) is the diode voltage drop.
The typical behavior of Voyr is depicted in Fig. 4.11. More details on charge pumps
can be found in Chapter 7.
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120 4 Drivers for Passive-Matrix LCDs

Fully integrated multipliers (i.e., without requiring external components) are of
course preferred. But this depends on the current drive capability required. Indeed,
to obtain large output currents we need large out-of-chip capacitors to avoid fast
discharging.

D1 D2
Vout

JI_Cm P1 P2 Cs
Oscillator I I

VDD

o JIL

vDD

Fig. 4.10 Simplified scheme of a X3 charge pump

Time

Fig. 4.11 Typical behavior of charge pump output voltage, Voyr, and square wave,
Vek

Observe that owing to the high-valued bulk capacitor, a buffer amplifier is not
needed to drive the row/column loads. This is instead required for voltages that are
obtained by resistive partition. At this purpose, see Fig. 4.12 that illustrates a
possible way to generate the voltages for a MLA-4 LCD.

The scheme generates the six required supply voltages =¥z, V¢, and £V/2
(Vo is the common voltage externally connected to ground). Four of them, £V,
and +V, are obtained from charge pumps configured in closed loop, CP1, CP2,
CP3, CP4, respectively. Each loop being constituted by an error amplifier, a voltage-
controlled oscillator (VCO), and a charge pump. The loop works as follows.
Consider for instance the loop generating ¥, and assume that it tends to decrease
because of the load current demand. Then, also ¥ decreases, the output voltage of

the error amplifier EA1 increases as well as the VCOL1 frequency and, as a result,
CP1 pumps more charges to its bulk capacitor, increasing (regulating) V.

The other two voltages, +¥/2, are obtained from simple resistive partitioning
(resistors Ri—R;) followed by a Linear Drop-Out Regulator (LDO) buffer. Buffer B1
is supplied between +V and Vcon. whereas buffer B2 is supplied between Vg, and
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—V¢. Two de-multiplexers and resistive dividers are also embedded into the above
mentioned feedback loops. Their role is to set proper row, +Vg, and Bias Ratio,
defined in (3.10), through coded words Vicp[...] and BRJ...]. The last resistor
divider (Rs—Rs) is used to generate —V; from +Vx.

It is important to observe, in conclusion, that this architecture adopts a
centralized driving voltages buffering, as opposite to the distributed buffering
approach that is usually followed in AMLCDs (see Section 6.3.1).

m x4 HJJJ +VR
VLCDI...] Re
100kQ
+vc! _ﬂ_ﬂ_ +VC
BR[.] R,
+vchz
R3
vVeom
Ra
—veiz2
R4
m
Rs
vcom*
Rs ﬂ_ﬂ_ x4

CP4

Fig. 4.12 Power Supply for LCD driver using MLA-4 technique
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4.4 Driver Manager

4.4.1 One Time Programmable Memory

We have seen that the effectiveness of the LCD matrix in color reproduction
depends mainly on the absolute values of parameters such as the LC threshoid
voltage and on the accuracy of the driving voltage levels. Any tolerance of these
values must be hence compensated for. This task is performed by recording
permanently in a dedicated non-volatile memory block the value of critical
parameters, such as characteristics of the LC mixture, gamma curve data (see
Section 4.5.2), the values of the reference voltages, etc., as well as configuration
parameters. At this purpose, it is used a Memory called OTP (One Time
Programmable) memory which can be implemented in a poly-fuse or anti-fuse
technology.

The values of the aforementioned parameters are first measured by the module
makers, for each production lot of LC mixture, as these may change from one lot to
another one, and then written in the OTP. For instance an OTP word can be 22 bit
long: 16 are used to code effective data and 6 are used to implement an Error
Correction Code (ECC).

After each system reset or power on, the OTP is automatically initialized.
Parameters stored in the non-volatile memory are read and latched in a volatile
register situated in the Control Logic section (discussed in Section 4.4.3) and then
the OTP is switched off to avoid current consumption. In the end-user application
there is the possibility to upgrade the parameters stored in the OTP. This depends on
the status of a “Protection Mode™ bit present in the OTP. If it is low, said parameters
can be upgraded, if it is high, the parameters cannot be upgraded.

4.4.2 Oscillator (Internal Clock Generator)

An internal oscillator, preferably fully integrated (without requiring external
components) is included in the driver IC. It generates the master clock signal (at the
maximum frequency), from which all the other synchronization signals are derived
by frequency division.

A possible scheme of a relaxation oscillator is shown in Fig. 4.13 [P2002]. It is
made up of two capacitors C; and C, alternatively fed by two constant current
sources, Ioge, or discharged by MOS ftransistors, M; and M,, acting as switches.
Assuming one of the switches (e.g., M1) be OFF, then the voltage across the
associated capacitor increases linearly with the law (Josc/C))t and when it reaches
the threshold, Vry, of MIA the drain voltage of M1A goes to “0” as well as the
outputs of NOT; and NOTs (output). Hence, Ml is switched ON and C; is
discharged, while M2 is switched OFF and capacitor C, starts to charge with the
same law as C;,. Assuming a duty cycle of 50%, C,=C,=C, and the oscillation
frequency is given by

1 osc
= 4.6
Josc 20V, (*6)
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and is electrically controlled by Iygc. For instance, assuming V74=0.8 V, a 5-MHz
oscillation frequency is obtained with Jyg-=8 HA and C=1 pF.

Observe that M1A and M2A perform logically as NOT gates, but they are in
common source configuration in order to provide a threshold voltage independent of
Vpp and to limit the cross-conduction current to /5.

Vob

Iosc Tosc

Maa C2 M:

Fig. 4.13 Schematic of a relaxation oscillator [P2002]

Current Ipge must be accurately set starting from the bandgap voltage, Vpg, an
adjustable resistor and current mirrors, as illustrated in Fig. 4.14. Voltage Vggr is
derived from Fp; by resistive partition and replicated across Rap;, where Iggr is
generated (Iggr=Vger/Raps). Rapy i a resistor tuned during testing procedure to
compensate for process variations in mass production.

The multiplexer, MUX, is usually implemented through a binary-tree selector
(a three-bit version is depicted in Fig. 4.15).

Voo
wiL —]
VBG
Vcasc _|
VREF
MUX
REF FFse{0:3]
losc range 0 to +15
NRse[0:4] Rapy

range 0 to +31

Fig. 4.14 Scheme for the generation of g

Referring to Fig. 4.14, if I,=kIpzrand Ig=k,Izzr we write the expression of Ipgc
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Tosc =14+ FFgy Iy =1 pppe (k1+k2'FFSEL)
@.7)
NR V..
=3 0k +k, -FFy; )
N ADJ

where N is the number of display rows, NRg;; is a 5-bit control word that represents
the subset of addressable rows (the user may operate only a portion of the display
rows, this mode is usually referred to as partial display mode). FFgg; is a 4-bit
control word that represents the preferred frame frequency (required for instance to
set the idle mode, or to allow frequency change with the temperature and LC
mixture). Both are stored in the OTP and tuned by the module maker.

In conclusion, the above equation shows that the oscillation frequency can be set
according to the addressable rows and frame frequency selected.

LsB MSB
D, 0 D,
.

'

Fig. 4.15 String resistor DAC with three-bit multiplexer (MUX) scheme

4.4.3 Control Logic

The principal task of the Control Logic section is to decode the incoming command
(Instruction Decoder) and to take the appropriate actions. It supervises the
initialization phase of Timing Controller, Oscillator, DC/DC Converter and
Temperature Compensation blocks. It also contains a (volatile) register where OTP
parameters are latched at power on.

Advanced tasks offered by this section may include 2D graphic acceleration
features to reduce the required processing power from the MCU and leaving it free

Liquid Crystal Displays Drivers 125

for other features. For instance, graphic functions are implemented that facilitate the
user with simple instructions to draw lines, rectangles, copy or move objects and
even define pop-up windows, while speeding up the application system.

4.5 Image Processing

The incoming pixel dataflow is stored into the RAM and subsequently goes through
a data elaboration pipeline that performs color processing.

4.5.1 Display Data RAM

The column data of each frame, before being displayed, are stored into a static
random access memory, Video SRAM, that is included into the driver. In practice,
each pixel of the display is mapped into the RAM. To display color images, each
RAM location must be a C-word, where C is the number of color bits. For instance,
a 262k-color display requires 18 bit to code the column data. For a 132x162 display
the required RAM dimensionis N - M - C bit=132-162-18=384,912 bit.

The RAM is essential for power saving when displaying the same image for a
long time (like in PMLCD applications). In this case the image data are stored into
the RAM and are no longer transmitted by the host processor.

Usually, when data are written in the RAM several displaying modes are
possible such as for instance: normal horizontal, normal vertical, horizontally
mirrored and vertically mirrored.

It is worth noting that CMOS processes with progressively reduced channel
lengths are needed to implement single-chip drivers able to manage 4k, 65k, 262k
color data, due to the RAM requirements in terms of area occupation. However,
finer processes tolerate reduced voltages and hence a trade-off between required
performance and suitable technology may arise, which is solved by the development
of specific processes, as discussed in Section 4.7.

4.5.2 Color Processing

Color processing includes gamma expansion, correction of nonlinear electro-optical
transfer function and, in principle, color space conversion with black/white points
adjustment, all performed in the digital domain.

(a) Gamma correction ensures accurate reproduction of color and image detail
over a wide range of luminance. To fully understand the subject, we must refer first
to the CRT performance, because gamma correction was originally applied to this
class of displays. As illustrated in Fig. 4.16a, curve 1, a CRT does not respond to an
input voltage linearly, its luminance is approximately proportional to the input
voltage raised to the 2.5 power. This number is known as gamma (y) [P1993]. In
general any kind of display has a nonlinear T/V characteristic, so that the normalized
luminance, L, is proportional to some power of the normalized signal amplitude, x,

according to L =x" where L,xe€ [0...1] and y>1.

As a result, in a CRT, linear RGB data must be predistorted (gamma corrected)
before being displayed to compensate for the nonlinearity of electro-optic transfer.
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This correcti ly a compression of the video signal through
the inverse c on of the display, x"" (see curve 2 in
Fig. 4.16a), so that the whole system (gamma-correction plus CRT display) response
approaches the ideal straight line (see curve 3 in Fig. 4.16a). The input voltage is
hence raised to the 0.4 power (i.e., 1/2.5). In reality, since also the human visual
system (eyes to brain transferfunction) is nonlinear, such exponent is changed into
0.45 and video standards assume accordingly a display gamma of about 2.2 for CRT
displays.®

Input signal x22

| I

7y correction

/.

CRT I/O characteristic

Overall 1O
0 characlerislic LCD i"l R2
input voltage %

inverse ycorrection

luminance %

(a) (b)
Fig. 4.16 (a) CRT luminance versus input voltage: (1) actual curve, x%, (2) gamma
correction curve, x'/” and (3) ideal (linear) response, x. (b) TV broadcasting system.
LCD is assumed linear but requires its own Y correction

In the early period of CRT TVs, it was decided to apply the correction directly at
the video cameras; a less expensive solution than having to provide gamma
correction to every TV set, see Fig. 4.16b.

This means that nowadays, if we want to display TV-coded (and also MPEG-
coded) video on an LCD, we must take the gamma correction into account and
introduce a transfer function that raises the associated data voltages to the power of
2.2 (x", gamma expansion, or inverse gamma correction). This scenario is further
complicated by the fact that there are several standards defining different gamma
compression functions with slightly different y values, such as ITU Rec. 709 (TV),
CIE L*, sSRGB (WEB), etc. [IEC1998, IEC1999].

Of course, gamma expansion must be matched with the standard used to encode
incoming images or video.” As a consequence, an LCD driver IC cannot operate
with a fixed gamma value.

Besides, an adjustable vy is needed for other two main reasons detailed below.

6Besides. human eyes are more sensitive to luminance changes in dark areas than to similar-
sized changes in bright areas. Therefore, the compression should be reduced in low gray
levels because that becomes much significant in dark areas. The solution is to use y= 1.8 for
0<x<0.35 and y= 2.2 for 0.35<x<1.

7In addition, most commercial digital cameras dynamically vary the amount of gamma.
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First, a specific gamma correction for the electro-optic nonlinearity of the LCD
itself must be devised. This nonlinear behavior depends on variations in
manufacturing and process parameters from a production line (LC mixture,
polarizers, backlight, etc.). Thus, different panels have different T/V curves and
require different gamma values (otherwise, different panels next to each other will
have slightly different color response). It should be observed at this purpose that the
T/V curves are not exact analytical functions but they are expressed as approximated
interpolation of experimental data.

Second, factors such as ambient illumination can play an important role in our
perception of gray scale and color. Without the ability to adjust gamma, the
reproduced image will suffer from lack of detail in shadow areas (black crush) or
oversaturated whites.

Considering a normally white LCD and its T/V nonlinearity, we represent in Fig.
4.17 the gamma correction curve required to display equally distributed gray levels,
GL, by applying non-equally distributed voltage levels V. A curve for positive and
negative values is needed by polarity inversion driving techniques.

GL VaL
GL(63)

GL

VoL(63) Vau(0)
(a) (b)
Fig. 4.17 LCD Gamma Correction curve: (a) nonlinear characteristic, (b) for positive
and negative voltages

(b) Color space conversion (see also the Appendix D) can be used to translate
RGB components from color space used to code still picture or video data, such as
PAL, Rec. 709 (TV) or sRGB (WEB), etc., to color space that have as tristimulus
base those that are physically reproduced by the particular display device. Indeed, if
the RGB primaries of the display device have different chromaticities with respect to
either interchange or transmission primaries, then an accurate color reproduction
cannot be achieved. A 3x3 matrix is used to transform the color space from the
interchange primaries to the display device primaries. This 3x3 matrix takes place in
linear-light (tristimulus) space, after gamma expansion. The 3x3 matrix is
unambiguously defined by primaries and white reference chromaticities of both
interchange and display device color spaces. Hence, by suitably changing the matrix
it is possible to change the white reference maintaining the same color primaries.
Black and white points are the optical outputs of the display device when RGB
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inputs are respectively [0, 0, 0] and [255. 255, 255] (considering 24-bit RGB, that
uses 8 bit per color component). But the color characteristics of these points depend
on characteristics of display components such as backlight, liquid crystal cell, color
filters, etc. It is then possible to adjust these two points by adjusting electrical
minimum and maximum values for each RGB component.

Actually, in passive displays, in which color quality is not the main concern, this
task is heavily simplified and T,_,; is a straightforward diagonal matrix.

From the above considerations it emerges that the pixel elaboration flow has to
be adaptable to different ambient conditions, to different encoding standards and to a
wide range of display devices, and this has to be done by using a limited storage
medium such as the OTP Memory previously described.

Figure 4.18 shows the three elaboration steps performed by a typical Driver IC.
The incoming pixel data flow (R', G', B’) is described in perceptual domain. The
first operation is gamma expansion; typical values of y are 1.0, 1.8, 2.2 and 2.5. It is
possible to store in the OTP memory a custom Y value. After gamma expansion, the
pixel data flow (R, G, B;) is described in physical (intensity) domain. Now it is
possible to transform color tristimulus from source space (R,, G, B;) to destination
space (R, G,, B;) by using the 3x3 conversion matrix T_,,. In this step it is possible
to adjust black point voltages by adding constants (cg, c¢g, cp) to color components.
White point voltages can by adjusted by proper choosing T, matrix. The last step
is to correct the nonlinearity of the electro-optical transfer function (EOTF) of LCD.
To do this a Look Up Table (Gamma LUT) is used. In this LUT the inverse LCD
T-V function is stored. It is possible to use different inverse T-V functions for each

color component (EOTE; ,EOTE; ,EOTE,; ). The outputs are the voltages of

elaborated pixel data flow (Vr, Vi, V), that is the RMS value driving the columns
of the LCD allowing the desired pixel luminance (Lg, Lg, Lg).

Vr Lg
R’ 1
G X7 VG LG
B’

Gamma 1

expansion

Vg L
Driver IC LCD

Fig. 4.18 Pixel elaboration steps

Liquid Crystal Displays Drivers 129

4.5.3 MLA and Gray Generation

Purpose of this block is to implement a Column Logic in order to latch Video RAM
output, generate PWM/FRC control signals, calculate MLA waveforms and provide
them to analog column drivers. Since these functions are tightly connected to the
column (and row) drivers, their implementation issues will be discussed in Section 4.6.

4.5.4 Timing Controller (TCON)

This block generates the clock signals for (1) RAM access, (2) MLA and PWM/FRC
elaboration and (3) n-line inversion. It synchronizes the column and row operations
by selecting the proper rows with associated RAM data. These synchronization
signals are all derived by division from the on-chip oscillator signal (described in
Section 4.4.2). In the case of MLA, the orthogonal functions could be in principle
memorized into a dedicated ROM. However, due to the small number of matrix
elements usually needed (up to MLLA-4 approach, at least), they are managed within
the Timing Controller.

4.6 Output Drivers

The output drivers have the role to interface the driver IC with the LCD rows and
the columns. These lines offer relatively large capacitive loads and should hence be
driven with a sufficient current drive capability. This task is obtained by the analog
buffers, directly connected at the output of the voltage generation section (DC/DC
converters). Therefore, the architecture of the output drivers simplifies considerably
and, ultimately, reduces to a multiplexer.

4.6.1 Row Drivers

It was described in Section 3.2 that both single line and multiple line addressing
approaches are possible in PMLCDs.

In the former case, considering first the A&P approach, the row drivers are
simple multiplexers designed to select one out of three voltages. As already
illustrated in Fig. 3.9, the row voltage of a selected row can be +Vj (or -V, for
frames with reversed polarity), while unselected rows are addressed by a mid
voltage (0 V).

The row driver for the IA&P technique must select one out of four voltages, i.e.,
VitV for the selected row and V¢ for unselected rows in positive-polarity frames
(and respectively 0 and Vy in negative-polarity frames). Note that the above voltages
are those depicted in Fig. 3.10, but shifted of +¥, to exploit positive values only.

A possible row driver architecture for IA&P is depicted in Fig. 4.19. The N-stage
shift register (see Section 6.4 for shift register architectures) selects one row at a
time through the bank of (row select) switches Sgs. For illustration, row 1 is the
selected one. The voltages with the proper frame polarity are obtained through
switches Sgp.

BOE
EX1007 Page 19



130 4 Drivers Passive-Matrix LCDs
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Fig. 4.19 Row driver block diagram for Improved Alt and Pleshko approach

Consider now the case of MLA-p addressing. We have seen in Section 3.2.2 that
in this approach p lines at a time are addressed and the row signals are derived from
orthogonal matrices, whose elements have just two values. Hardware complexity of
the row (and column) driver depends on the number of voltage levels in the
addressing waveforms, therefore those matrices minimizing the number of voltage
levels in the scanning waveforms are preferred.

Also in this case, the row drivers are multiplexers that are designed to select one
out of the three voltages i.e., +¥¢ or —¥5, corresponding to elements +1 or —1 of
matrix column (select pattern), and a mid voltage (0) corresponding to the
unselected rows. The block diagram is very simple and can be deduced from that of
a column driver for MLA described in the next section.

4.6.2 Column Drivers

Again, let us first consider single line addressing. In the A&P approach, the column
drivers are multiplexers designed to select one of the two voltages i.e., +¥¢or -V,
for ON and OFF pixels, respectively (the voltages are the same but with reversed
meaning, for frames with reversed polarity). The column drivers used in the IA&P
approach must instead select one out of four voltages, i.e., 0 or 2V for ON and OFF
pixels, in positive frames, and Vi or Vg2V for ON and OFF pixels, in negative
frames (see Fig. 3.10 after shifting all waveforms by +V¢).

Consider now the case of MLA-p. The column signal is given by the dot product
between the row select pattern and the data pattern in the selected subgroup of rows
(as explained in Section 3.2). Assume that p is the number of grouped lines and that
pt1 is the number of voltage levels in the column waveforms. The number of data
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bits x must be consequently not lower than log,(p +1). If M are the columns, there

are hence M stages of shift register and latch and every stage has x bit each. After
serially shifting the data corresponding to all column lines, the content of the shift
registers are transferred in parallel to the latches and can be applied simultaneously
to the column elecirodes even though the dot products are computed sequentially.
The schematic diagram of a column driver following this strategy is illustrated in
Fig. 4.20 [RS2005].

This solution has the advantage of small area occupation, but requires high
power consumption because the shift registers must work at the highest frequency
(which hence coincides with fpsc of the local oscillator) given by fi-N-M-p = fosc.
For instance, if fi= 60 Hz, N=160, M=128 and p=4, we get that the required local
oscillator frequency is approximately fosc = 5 MHz.

An alternative low-power column driver scheme is depicted in Fig. 4.21.

RAM
p
Orth. L
Matrix v
X
Shift bt bit  bit Shift
clock register
xM
Latch Latch
pulse
Buffered
analog
voltages Multiplexers
pt+l:l 1:1
Co C1 Cm1

Fig. 4.20 Block diagram of a column driver used for MLA. (The operation performed
by the XOR block is detailed in Fig. 4.21)

The column data patterns for each MLA row sub-group are stored into the Frame
Buffer Memory and the XOR gates followed by the summer function perform the
required product with the proper column of the orthogonal matrix. For instance, in
Fig. 4.21 a MLA-4 approach is considered. The associated matrix is the 4x4 unity
matrix shown at the left and the product with the first matrix column is performed. It
is important to observe that to allow binary-logic computation, each —1 matrix entry
is replaced by 0. In the figure it is also assumed that the data pattern for the
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consi roup is 1011 (meaning that in the considered row subgroup the
first, pixels are ON while the second pixel is OFF). The result of the
XOR and subse su is
with the analog ge to
values 000, 001, 01 tiv

+V¢/2 and +V. In the case exemplified the computation gives 010 that means 0 V.,
Compared to the previous solution, this one requires a lower clock frequency
expressed by fi-N -p, i.e.. M times lower. Indeed, with the same data of the previous

ncy

64

mes

can
scheme in Fig. 4.21, as illustrated in Fig. 4.22, where a 64-PWM technique is
considered. Now, each cell of the frame buffer memory contains the number of bits

the ex locks
nted re They
the er The

comparator output goes high only if the gray-level-encoding word is greater than the
counter word.

4x4 Orthogonal Matrix
1000 M
0100
0010

0001  rmig 1 coL M-1
T1-- T4 1 0 1 1

Buffered 0
analog
voltages

010

51 5:1
Multiplexers

Co Ci Cm

Fig. 4.21 Block diagram of another column-driver scheme for MLA-4
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Considering again f;=60Hz, N=160, M=128, p=4, ng=64(=2°). we get
approximately that the required maximum frequency of the local oscillator is
Josc = fi-N-p-ng;=2.46 MHz which is practical for mobile applications owing to the
associated relatively low power dissipation.

R(0) G(0) - B(0) 8. B(127)

pog 9 ~reg 2 ~ri 383
100
0010 b3
ooo01 b
T T4 6 6 6 6 6

A B|A B A B
6-bit >lzl> > > > 2 > > >
Counter =7 o

gv

Buffered 5 5 501 51

analof
voltagges Multiple xers

Cn [a3] Mara

Fig. 4.22 Block diagram of column driver for color LCD adopting MLA-4 and PWM

4.7 Silicon Processes for Display Drivers

The silicon process required to implement single-chip driver ICs is quite
challenging. Other than providing mixed-signal functionalities and allowing the
integration of SRAM banks, it must posses also high-voltage capability (from 20 to
40 V).8 In addiction, the demand for increased resolution and number of colors
mandates for high gate density. Therefore, special technologies compatible with
advanced CMOS families, but based on High Voltage Gate (HVG) CMOS devices
have been developed.

Considering the specific case of mobile devices for consumer electronics, the
market is very competitive and products have very short life (from 1 to 3 years).

8A process with these behaviors is of course developed by silicon foundries not only to cover
passive-matrix and active-matrix LCDs (see Chapters 5 and 6) but also emissive (OLED)

displays.
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Keeping low the cost is thereby mandatory. This issue is addressed through the use
of mature CMOS technologies (0.35 um~0.13 lm), reduction of available process
steps (e.g., limited number of metal layers) and efforts on IO area reduction
including either Circuit Under PAD (CUP)° or Bond over Active (BOA)0
approaches.

This section is largely based on [ABC2005], a paper describing the BCD-HVGS
(Bipolar, CMOS and DMOS) process family developed by STMicroelectronics. The
HVG8 process exploits a 0.18-pm standard CMOS technology with several
enhancements such as:

(1) Shallow Trench Isolation (STT) for CMOS isolation;

(2) Borderless Contacts;

(3) Dual Gate Oxide for 1.8-V/5-V CMOS devices (whose main electrical
characteristics are summarized in Table 4.1). The low leakage current of the 1.8-V
devices allows also the realization of compact SRAM banks based on the 6T cell (bit
size 4.45 pm?, in line with all available advanced 0.18-pum CMOS processes). Figure
4.22a shows the schematic of a SRAM cell and the micrograph of a SRAM bank is
depicted in Fig. 4.23a. The vertical geometries are diffusions (transistor source/drain
terminals) and the horizontal ones are polysilicon layers (transistor gate terminal).
Metal contacts and paths are not shown in the photograph 4.22b. Symbol X means to
row decoder;

(4) A number of 5 Al-Cu metal levels are allowed with the last one realized by
either Al-Cu or pure Cu thick layer (though only three metal levels are utilized for
LCD driver implementations, to keep fabrication costs low). The higher thickness of
the upper metal allows long low-voltage-drop lines realization. This feature is very
useful in display drivers because of their typical high aspect ratio.

The high voltage options offered by the HVGS process are several and include:

(1) 20-V/32-V/40-V HVG MOS transistors through thick gate oxide;

(2) High voltage MOS transistors with low voltage (1.8/5 V) thin gate oxides

for Antifuse Progra TP) memory blocks (OTP bit
range of 1k s been

(3) LDMOS transistors for OLED drivers where large currents are needed.

9To save chip space, active circuitry is placed underneath the bonding pads. The CUP
technique, which violates the rule of conventional layout for a chip, uses a variety of support
structures that contain metals, dielectrics and their combinations designed to protect device
components and to minimize damage caused by probe testing and subsequent assembly.
10Typical wirebond pad designs consist of a top-level metal that does not include any
circuitry beneath the bonding region. The BOA technique was developed to utilize this region
beneath wirebond pads in order to minimize die area.
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Table 4.1 Main electrical parameters of HVG8 1.8-V and 5-V CMOS
Parameter 1.8V (L.iw=0.18 um) 5V (Lyi,=0.6 um)

Vr(mV) 680 850
nMOS 7, (uA/um) 510 500
Ly(pA/um) 2 <1
Vr(mV) =770 -775
pMOS 1, (uA/um) =220 -290
Ly(pAlum) -3 -1
P1 P2
BL BL
X X
VSS
(a)
Diffusion
(b) .
Fig. 4.22 (a) SRAM cell schematic, (b) micrograph of a SRAM bank in HVGS

technology

4.8 Packaging and Assembling Techniques

In this section we will describe the two main technologies that allow the electrical
connection of the display to the driving circuits and of the driving circuits to the
PCB. The same techniques described are not restricted to PMLCDs but are used also
for Active Matrix LCDs.
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136 4 Drivers for Passive-Matrix LCDs

Due to the great number of connections and the near impossibility of soldering
ITO, both Chip on Flex (COF) and Chip on Glass (COG) approaches are widely
used for driver IC attachment.

Aunisotropically Conductive Adhesive Films (ACFs) are usually exploited to as
an interconnection material for COG and COF [YP1998, S2004]. ACFs are
composite materials consisting of polymer matrix, i.e., the adhesive and conductive
particles, as illustrated in Fig. 4.23.

The fraction of conductive particles varies between 0.5 and 5% of the volume.
The particle types vary from solid metal particles to polymer spheres coated with
metal, the latter being most popular for high-density display applications [WT1999].

Conductive particles Plastic
D=3u ot

o o
o ©O0o Oo0 O o0 o o

Adhesive matrix
Conductive
Fig. 4.23 Anisotropically Conductive Adhesive Films (ACFs) are used to electrically
connect the Driver ICs to either the track on glass or tape automated bonding

4.8.1 Chip on Flex

In the original approach (first used by SHARP in 1985), the driver IC is packaged in
a flexible Tape Carrier Package (TCP) and attached to the glass with Tape
Automated Bonding (TAB) as illustrated in Fig. 4.24.

To allow flexibility the TCP has slits at regular distances (see Fig. 4.25a), and
the tape can be bent only in a position corresponding to a slit. To improve
performance and reduce costs, a new approach was developed catled Chip on Film
(1998).

The appearance of TCP or COF is similar, as both techniques rely in mounting
the IC on a tape (see Fig. 4.25a,b). However, COF offers some substantial
advantages: (1) it is free of slits and can be flexed in any position and with a greater
freedom (oblique bend is possible), (2) it allows a finer bonding pitch (< 35 um),
(3) it allows high density packaging. Figure 4.26a shows the micrograph of a gold
bump, while Fig. 4.26b shows the connections between the inner leads and bumps
(in this case ACF is not used, but instead a gold-tin eutectic between the bump and
the tin of the inner leads is formed [ML.1986]).
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LCD PANE
oo
ooo
ooog
boo TCP
ACF for TAB  ACF for IC
Fig. 4.24 TCP approach
() (b)

Fig. 4.25 Examples of (a) COF and (b) TCP [TNF2003]

(a) (b)
Fig. 4.26 Micrographs of (a) a gold bump and (b) connection between bumps and
inner leads in COF via gold-tin eutectic bonding [TNF2003]
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138 4 Drivers for Passive-Matrix LCDs

4.8.2 Chip on Glass

COG was first introduced in 1983 by Citizen and since then the method diffused
significantly [KL1999]. In this approach the IC is mounted directly on the glass
substrate, avoiding the use of the flex and reducing costs. Figure 4.27 depicts an
LCD panel with Driver IC connected via COG approach. The drive lines of an LCD
are typically brought to a single glass bonding ledge, and routed along the inactive
sides of the display to their intended destinations.

As illustrated in Fig. 4.28, conventional IC wire bonding is here replaced by the
formation of gold bumps. After prebonding the ACF to the glass with mild heat and
low pressure, the driver IC is aligned in such a way that its bump pattern matches
the pad pattern on the glass. Then, the IC is pressed against the ACF and glass
applying heat through the bonding tool. Conductive particles should be trapped
between each bump-pad pair in order to ensure conductivity. The adhesive allows
anisotropic conduction, only in the vertical direction. Extra polymer should be
pressed out from under the IC.

Row Column
tracks track
Rear Front
glass glass
LC
ACF for IC
to R1 RN
Cm
(o]
to C1 C2

Fig. 4.27 LC panel with COG driver IC
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GLASS @)
U UOU 0UOO 0O O VOO
0%Y 053053 02206 0D%°  acr
06%° 699 %60 %6060 ¢°
T — P__. A Bump pitch
G u
¢ N Bump gap
J— —  Bump height
Passivation
A pad’ DRVER IC

insulation conductive
direction

(b)

Fig. 4.28 COG technique. Cross section of a driver IC, Bumps, ACF, and Glass with
typical dimensions: (a) before and (b) after electrical connection is formed

4.9 Concluding Remarks

We conclude this chapter by presenting an example of CSTN LCD (‘C’ stands for
color) driver IC developed by STMicroelectronics, called the STE2028. It is
designed for a 162x132-RGB LCD with 262k colors. It adopts the HVG technology
and provides fully integrated booster (with the exception of the bulk capacitors), a
385-kbit SRAM and a 0.8-kbit OTP memory. It exploits MLA-4, n-line inversion
and both PWM and FRC algorithms. It allows also partial display mode, enabling
screen saver controls for power consumption reduction. The chip size is around
17 mm®. Figure 4.29 shows the complete layout. Figure 4.30 illustrates the
percentage of analog and digital component sections of the driver.

The complete block diagram is illustrated in Fig. 4.31. The reader will recognize
many of the blocks although indicated with somewhat slightly different
nomenclature (eg., MLS instead of MLA).
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OTP - DACs - BANDGAP REFERENCE

TEMPERATURE SENSOR POWER SUPPLY - ANALOG and DIGITAL
AL CORE INTERFACES

COLUMN DRIVERS

CHARGE PUMP
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VGO
+VRPOS
+VRPOS SNS
-VRNEG
-VRNEG SNS
+VCPOS

+VCPOS SNS
-VCNEG
-VCNEG_SNS

BIAS VOLTAGE
GENERATOR

DAC

HIGH VOLTAGE

GENERATOR

[ox]

COLUMN
DRIVERS

GRAY LEVELS GENERATOR

MLS COLUMN DRIVING LOGIC

DATA LATCH & GAMIA

130 x 162 x 18 Bit
Display Data RAM

141

RO

ROW
DRIVERS

MLS ROW DRIV

vDDRD

ROW DRIVERS ROW DRIVERS
Fig. 4.29 Layout of the STE2028 LCD driver
Pad interface
13%
Charge pump
15% + RAM
48%
Row drivers
8%
| dri
Col drivers Analog + OTP

10% 6%

Fig. 4.30 Block partitioning of the STE2028 LCD driver

DDRAM Row Adr
DDRAWM Scan Logic

VDDB

VDDA
BUFFER DDRAM Col Adr

TIMING
VPP GENERATOR

DATA

Vsso REGISTER CONTROL

LoGic TEST_OSCOUT

sS 0sC
VESI AUX 05CIN

TEST MODE COMMAND DECODER
RESET

TEST VREF
TEST

i 344 Line SP| 2 Parallel 68K
TEST VC2POS 9 Bil SERIAL ine SPI Parallel 8080 rallel ;

TEST VC2HEG

VDDl SCL SDA Dlo 7] E RAW DiC ‘CS
'RD WR LR238

Fig. 4.31 Block diagram of the STE2028 LCD driver IC (Courtesy of
STMicroelectronics)
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Chapter 5

Active Matrix LCDs and Their
Addressing Techniques

We have seen that in PMLCDs the display contrast depends on the drive margin, but
this parameter is in turn a function of the number of rows so that the more rows are
added, the less contrast is obtained. Active matrix LCDs (AMLCDs, also called
TFT LCDs) remove these multiplexing limitations by exploiting a switching
element and a storage capacitor at every pixel of the display. These switches are
usually implemented through transistors made up of deposited thin films, and are
therefore called thin-film transistors,! TFTs. A TFT at each pixel allows the column
voltages to be applied only to the row that is being addressed, while the storage
capacitor maintains the pixel information for the whole frame also when the
addressing signal is removed. Therefore, a high contrast is possible and a fast LC
mixture can be used, since the pixel no longer has to respond to the average voltage
over a whole frame period, as in PMLCDs. For the same reason the phenomenon of
crosstalk is also minimized.

AMLCDs are hence suitable for full-motion video, requiring time responses
below 20 ms. As main drawbacks, the TFT process increases production costs (at
this purpose, a limit in the number of masks of the TFT process is from 4 to 6),
reduces the yield and decreases the aperture ratio of the pixel: thus, to maintain an
acceptable display luminance a brighter backlight is needed (by increasing power
consumption).

In this chapter, after briefly describing the principal TFT devices and the
structure of an AMLCD panel, addressing techniques for AMLCDs will be
discussed. Related driver ICs and their implementation issues will be treated in
Chapter 6.

IThe majority of AMLCDs use TFTs as switching devices. An alternative commercially
exploited solution is constituted by the Metal-Insulator-Metal (MIM) diode. The MIM low
fabrication temperature is compatible with plastic substrates.

D.JR. Cristaldi et al , Liquid Crvstal Display Drivers, DOI 10 1007/978-90-481-2255-4 5, 145
© Springer Science+Business Media B V 2009
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146 5 Active Matrix LCDs and Their Techniques

5.1 Thin Film Transistors

In this section we will discuss the main characteristics of TFTs. Compared to
conventional Metal Oxide Semiconductor Field Effect Transistors (MOSFETs)
implemented in a crystalline Si substrate, TFTs have similar model equations but,
due to the reduced carrier mobility, z, they exhibit poorer performance both in terms
of conductance and switching speed. Being implemented on an insulating substrate,
TFTs lack the substrate electrode (called Body or Bulk in conventional MOSFET
devices), and have thus only three terminals named Drain (D), Gate (G), and
Source (S). The presence of the insulating substrate provides ideal isolation of each
device and negligible parasitic capacitances [LLB1992].

Figure 5.1 shows the cross section and top view of a basic? TFT (with the layers
materials typically adopted) along with the circuit symbol. The gate-source voltage,
vgs. determines the TFT ON/OFF condition as it causes the formation of the
conducting channel between the source and the drain (i.e., charges are induced in
the semiconductor layer).

One type of TFT, the n-channel TFT, operates similarly to the n-channel
MOSFET. In particular, we define the threshold voltage (whose typical value is
about 14 V) as

Vig ==qnydey, 1C,, (5.1

where ¢ is the charge of the electron, n, is the charge density in the channel, d¢y is
the channel thickness and C,, is the capacitance of the gate dielectric per unit area
(Cox= &0&/tg Where 1, is the thickness of the gate dielectric, see Fig. 5.1). The
channel is formed if vgg> Vry. in this case the TFT is turned on and a current, ip, can
flow through the source and drain terminals, provided that a drain-source voltage,
Vps, 1s applied. Conversely, ip= 0 if vgs< Viy.

Assume now vgg> Vyy. Denoting as W and L the channel width and length,
respectively (as shown in Fig. 5.1), we can write the expression of the drain current
as a function of the gate-source and drain-source voltages both in the triode and
saturation operating conditions [S2006, MK2003].

The triode region (also termed the linear region) is characterized by

Vps SVgs =V and the drain current expression is

. w v;
ip = uC,, T{(Vas ~Vin )Vos = %J (5.2)

In this region, one of the most important parameters is the ON resistance offered by
the TFT between the source and drain (when used as a switch), whose expression is

2The device depicted in Fig. 5.1 is a “bottom-gate” (or inverted staggered) TFT implemented
in either amorphous silicon or polysilicon. Other alternatives are possible; see for instance
[B2005, K2004].
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! (5.3)

w
HC,, I (V(;s _VTH)

The above relation shows that the TFT conductivity is increased by increasing the
aspect ratio, W/L, and/or the overdrive voltage vs—Vry.
In the saturation region we have v, >V;g — ¥y, and the drain current is

dependent to a first approximation only on vgs (we will see that this assumption is
not accurate in polysilicon TFTs, due to the so called kink effect)

. (G4 2
Ip= ﬂTT(VGS - VTH) -4

Protection Layer

Drain  SN® Source
(Al, Mo, Cr) , Mo, Cr)
& - (a)

Glass

Gate
(Al, Mo, Cr)

Semiconductor
(a-Si, poly-Si)

Gate Dielect
(SiNx, SiOz)

vDs
(c)
W (b)

Lﬂ\'
Fig. 5.1 Basic TFT: cross section (a), top view (b) and circuit symbol (c)
The output characteristics derived form (5.2) and (5.4) with vgs as a parameter
(and normalized to the factor yC,W/L), are plotted in Fig. 5.2. The transition region

between the triode and saturation region (for vps = vos—Vry) is represented by the
dashed portion of a parabola whose equation is

#Co.\' w v"

ip 5 DS (5:5)
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Fig. 5.2 Output characteristics (drain current versus drain-source voltage) of a
generic TFT for Vg~V =2,4,6,8. 10 V

Ideally, ip is equal to zero when vgg< V. in realty a leakage conduction is
always present. Therefore, an important aspect regarding TFT addressing is the
proper minimization of this current. Indeed, when the pixel is not selected, a high
leakage current discharging the storage capacitor leads to a loss of information, but a
larger storage capacitor results in a lower aperture-ratio and in a slowdown of the
charging time.

Other important parameters for the dynamic behavior of a TFT are the parasitic
capacitances between couples of terminals, Cgs, Cip and Cpg. In particular, the
gate-drain capacitance (or equivalently the gate-source capacitance, because these
capacitances are equal in a transistor operating in triode) has two main contributions:
one is due to the channel ¢ . the other is caused by the overlap region
between the gate and drain. vps small in triode region, about half of the
channel capacitance contributes to Cgp and the other half to Cgs. If the length of the
overlap is labeled as Loy (see Fig. 5.1) the expressions of maximum and minimum
(when the TFT is near the cutoff region) of Cg, are

CGD.max = W(L 12+ L()V )Cox (563)

CGD,min = WLOVCax (5.6b)

. We will show in Section 5.3 that Cg, is the origin of performance degradation as
1t causes unwanted charge redistribution effects.

.The above equations are useful for pencil-and-paper calculations. Circuit
designers need more accurate but efficient models (time-domain simulations of a
complete panel may be an onerous task in terms of required CPU time) to be used in
their simulators (SPICE-like models are the most popular) [HS1989, SSJ1997].
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5.1.1 a-Si TFT

The most common semiconductor layer used for the integration of TFTs on glass
substrates is realized with idrogenated amorphous silicon (a-Si:H, in the following
a-Si for simplicity). It allows large-area fabrication in a low-temperature process
(300°C-400°C) and is the dominant technology in computer and television LCDs.
The main difference between a-Si TFT and a conventional Si MOSFET is the lower
electron mobility (in the range of 0.2-1.5 cm?Vs, while it is greater than 1800
cm?/Vs in crystalline Si), due to the presence of electron traps in amorphous silicon.
Hence, a-Si TFTs are inadequate to be used in analog and high-speed digital
processing directly on glass, but they are instead suitable for the implementation of
ON/OFF pixel switches with refresh frequencies around 60 Hz. However, even for
this simple scope, the low mobility would require extremely large aspect ratios,
thereby reducing the aperture-ratio (i.e., only a portion of the pixel’s area is
transparent to light when the pixel is ON) and ultimately decreasing the display’s
brightness and contrast. To mitigate this problem, since the transconductance
depends also on the gate-source overdrive, the gate of a TFT is driven by a high
voltage, typically around 20 V.

Because a-Si materials exhibit poor stability and their structure can be modified
by strong illumination and charge carrier injections (in particular its OFF current
increases with incident light), the a-Si TFT must be shielded from light. Besides, this
technology allows only n-channel TFTs to be realized. The conductivity of a-Si p-
channel TFTs would not be sufficiently high, even as switches for LCDs.

Another disadvantage of a-Si TFTs is the threshold voltage shift (by several
volts over a few hours with a DC voltage stress [GW2001, KNH2004}). It can be

expressed by AV, (t)= AV, ¢ — VTH’f)t” , where 4 and B} are two temperature

dependent parameters, g is the stress gate voltage and Vpy; is the threshold
voltage before stress which has duration ¢ [PBH1989]. It is caused by two
mechanisms. At higher gate electric fields, electrons are injected into the gate
dielectric [P1983, PD1993]; at lower electric fields, charges are trapped in the
interface a-Si and gates [HMM1986]. The threshold voltage increase is larger for
lower temperature processes [GW2001]. The shift is not a severe problem for switch
operations, but the function of digital circuits is impaired when the static noise
margin decreases considerably (becoming zero when Vry increases to Vpp/2)
[LVS2006]. The shift has different polarity for ON and OFF state, therefore a partial
cancellation occurs. In any case, a practical driving scheme must take into account a
threshold tolerance in the TFTs.

5.1.2 Poly-Si TFT

Polysilicon represents an alternative material appropriate to realize the TFT silicon
layer, adopted in recent years for small-area displays. It is a silicon-based material,
which contains numerous Si grains with sizes ranging from 0.1 to several microns.
In semiconductor manufacturing, polysilicon is usually deposited as amorphous
films by LPCVD (Low Pressure Chemical Vapor Deposition) and then crystallized
by laser annealing above 900°C. This technology requires also expensive quartz
substrates. The same approach cannot be exploited by the LCD industry since the
strain temperature of glass is only about 650°C. Low Temperature Polysilicon
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(LTPS) technologies, built on low-cost glass, were then developed based on either
excimer laser annealing or by combined solid state phase crystallization [H1986,
TDM1999, MS1999, JSH1996].

The preparation of LTPS film is more complicated than a-Si, and LTPS is more
exposed to process variations over the substrate area. However, LTPS TFTs have a
higher mobility than a-Si TFT (up to two orders of magnitude for electrons, 30 to
400 cm?Vs, and up to 150 cm?Vs for holes) and the implementation of both »-
channel and p-channel transistors is possible, therefore they allow to increase the
pixel aperture ratio (higher mobility means smaller TFT area for a given
transconductance) and are suitable for the integration of CMOS-like circuits directly
on the glass substrate (ultimately leading to a complete System on Glass, SOG). The
latter is a remarkable advantage that allows the number of electrical connections on
the LCD panel to be drastically reduced, thereby increasing reliability and
compactness. The connections are made in the thin film technology using a mask
which is in any case needed for processing the display.

A schematic cross section of a poly-Si TFT is shown in Fig. 5.3a. For high drain-
source voltages, poly-Si TFTs exhibit the so called kink effect consisting in an
anomalous increase of the drain current, as illustrated in Fig. 5.3b. This effect is
mainly originated by the high voltage at the drain end of the channel that accelerates
charges causing in turn an avalanche current (impact ionization). This current is able
to flow to ground in monocristalline Si ICs, being the body electrically connected to
a bias voltage. For TFTs the substrate is insulating glass, therefore this current
increases the drain current. Of course, to contrast this problem, low supply voltages
should be adopted. A Lateral Body Terminal (i.e., the extension of the channel area
serving as collector of the charges) was also employed [Y1999].

Recently, Sharp in conjunction with Semiconductor Energy Laboratory Co. Ltd.,
has developed a process called Continuous Grain Silicon (CG Silicon), a further
evolution of the LTPS technology, leading to the commercial introduction of high-
resolution, high-definition system LCDs for mobile terminal devices in 2002. A
complete CPU on a glass substrate is shown in Fig. 5.4 [N2003].

Gate
Poly-Si Oxide
Source Drain

kink

Glass Substrate

VvDs
=10V

(a) (b)
Fig. 5.3 Poly-Si TFT, (a) cross section and (b) drain current versus drain-source
voltage putting in evidence the kink effect

Liquid Crystal Drivers 151

Fig. 5.4 CG Silicon CPU formed on a glass substrate (Semiconductor Energy
Laboratory) [N2003]

5.1.3 Further Comparison of a-Si and Poly-Si TFT Performance

Figure 5.5 shows the a-Si and poly-Si TFT characteristics for ¥ps=5 V. The poly-Si
TFT size is only 1/10 of its a-Si counterpart, to provide the same drain current
corresponding to Vgs=20V. The smaller size of transistors (in consequence of the
greater mobility electron) can increase both resolution (pixels per inch) and
aperture-ratio improving the image definition. For this reason and for the large
process tolerances of poly-Si, displays with a high pixel density and pixel size of
15 pmx15 pm are best addressed by poly-Si TFTs. Application of this kind are
small high-definition displays for view finders in camcorder, or projection displays
B2005].

: Con]lpared to a-Si TFTs, poly-Si TFTs exhibit higher OFF currents, caused by
the electric field at the highly doped drain and the imperfect crystalline structure of
the poly-Si material. Methods currently adopted against this limitation are the dual
gate structure or adding another process step to realize a lightly doped drain (LDD)
[L2001].

From the driving voltage point of view, a negative gate-source voltage around -5
to -8 V (not just 0 V) is adopted for a minimum leakage condition below 10 pA. On
the other hand, to compensate for the low electron mobility the gate-source voltage
is set at around 20 V for switch-on, to provide a drain current in the order of 100 LA.

@A) (6]

104 10-4

10-5 10-5

106 W/L=100/5 108 WIL=10/5

10-7 10-7

108 10-8

10-9 10-9

10-10 10-10

10-11 10-11

10-12 10-12 ':PR

-13 013

10 -30 -20 -10 0 10 ! -30 -20 -10 0 10
Vs (V) Vs (V)
(a) (b)

Fig. 5.5 Drain current versus gate-source voltage for an n-channel TFT: (a) a-Si TFT
with W/L=100 pm/5 pum and (b) poly-Si with W/L=10 un/5 pm. Voltage Vps is 5V
in both cases. The dashed curve in (b) represents the OFF current obtained with
lightly doped drain (LDD) technology
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152 S5 Active Matrix LCDs and Their Techniques

5.2 Structure of an AMLCD Panel

Like a passive-matrix color LCD, an AMLCD has a sandwich-like structure with
liquid crystal filled between two glass plates kept to a controlled distance by spacers
and exploits backlight, polarizers and color filters (the latter fitting the upper
substrate). The cross section of an AMLCD is shown in Fig. 5.6.

Glass substrate Source line

Counter Pixel electrode
(ITO electrode) (ITO electrode)
TFT
Backlight
Gate line
line
Black Storage capacitor
Color filters Lc

Fig. 5.6 Cross section of an AMLCD [U2006]

Each pixel of a color panel is subdivided into three RGB subpixels. TFTs are
integrated on the back glass substrate, along with storage capacitors, ITO electrodes
and interconnect wiring, as shown in Fig. 5.7a. In an AMLCD panel, the row and
column electrodes are called gate and source electrodes (with reference to the
associated TFT terminals). By scanning the gate lines sequentially, and by applying
signal voltages to all source lines in parallel, we can address all pixels. As a result,
the addressing of an AMLCD is very simple and performed line by line. Unlike
passive-matrix addressing which required orthogonal row and column signals, the
use of TFTs in AMLCDs makes each row independent from the others. Indeed, the
thin-film storage capacitor (Cs), accessed through the associated TFT, memorizes
the source (pixel data) voltage and maintains it even after the gate (selection) signal
is removed. Note that Cs is added in parallel to the intrinsic LC capacitor, as the
value of C¢ is too low for adequate charge retention. Between the color filters is
placed a black matrix, made of an opaque metal, such as chromium (Cr), which
shields the (a- m room light and prevents light leakage between pixels to
minimize pho leakage currents in the TFTs. A double layer of Cr and
CrOx is used to minimize reflection from the black matrix.

Figure 5.7b shows the electrical model of a subpixel with the storage capacitor
Cs in parallel to C; ¢ connected as a load of the TFT. It is worth noting that Cg can be
connected either to an adjacent gate line (Cap-on-Gate) or to a dedicated common
storage bus (Cap-on-Common), see Fig. 5.7b, c. As main drawbacks, the former
solution increases the capacitive load seen by the gate drivers while the latter
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reduces the pixel aperture.? The former approach is thus unsuitable for panels with a
diagonal size larger than about 20 in.

Common Electrode

(ITO) Color Filter
Polarizer Spacer
Alignment Layer
Black Matr x
Seal
Short
Substrate (Glass)
Storage Capacitor
ing Pad
Bonding P Pixel Electrode
TFT (ITO)
(a)
® Common Electrode @ Common Electrode
5 Cs 3
a 2 Cs
o Cie o ) Cie
@ Pixel Electrode % Pixel Electrode
3 O
3 TFT » TFT
Gate Bus-Line Gate Bus-Line
() o
Fig. 5.7 Cross of a subpixel in an AMLCD panel (a) equivalent circuits in
Cap-on-Gate st and (b) in Cap-on-Common structure (¢)
In the un , as 8, -
signal bus-1 an atr .
combined ar fth on i

is depicted in Fig. 5.9b.

3To increase the pixel luminance for outdoor use, the opaque electrode of Cg can be covered
with a reflective material, as suggested in [FNK2003].
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Source Line- Gate Lire

to Source Driver

Storage :
Capacitor

B
upper-plate fg f

Source Line-Storage Capacitar
(bottom plate) ov erlap

Fig. 5.8 Micrograph of an AMLCD panel showing the TFT, Storage Capacitor and
interconnections

(a) (b)
Fig. 5.9 AMLCD panel micrographs: (a) detail of the pixel capacitances (bottom
view); Fig.5.8 is a magnified version of this figure. (b) detail of the RGB color filters
(top view)

5.3 General Considerations

In contrast to PMLCDs that need some form of elaboration technique (such as PWM
and/or FRC) for gray level generation, AMLCDs are inherently designed to produce
gray levels depending on the voltage magnitude applied to the pixel from the source
line. With reference to Fig. 5.7, applying a suitable positive pulse voltage through a
specific gate line has the effect of turning on all the TFTs whose gates are connected
to that bus line. Capacitors C, ¢ and Cs are then charged at the voltage level applied
through the (data) source line. This charged state (and consequently the pixel voltage

level) can be maintained as the gate voltage goes to a negative value, at which time
the TFTs nominally turn off. The main function of Cg is then to maintain the voltage
on the pixel electrode until the next source voltage is applied. An example of
AMLCD addressing waveforms is illustrated in Fig. 5.10.

H B

!

Fig. 5.10 Addressing example of an Active Matrix LCD

As already discussed, the scanning frequency should be at least 30 Hz to avoid
flickering. A refresh frequency of 60 Hz is the result of a trade-off between
elimination of flicker and low power dissipation. If fr =1/T} is the frame (scanning)
frequency and N is the number of rows of display, the maximum access time to pixel
(row time), Ty, will be:

T, =L (5.7)

When switched on, the resistance offered by the TFT, Row, should be adequate to
charge the pixel capacitance at the maximum source line voltage within the row
time. The ON time constant guaranteeing that, within 0.5T%, the voltage stored on Cg
is only 1% below the desired value is given by (we consider that the source line
voltage polarity is inverted in two consecutive addressing of the same pixel):

Tx _ Iz

Ci+Cp)S—F——= (5.8)
Row (€5 +Che) 21In(2-100) 10.6
On the other hand, from (5.3), the expression of Ry is
1
Row = (5.9)

W
,UCg T(VG ~Vpara —Vru )
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156 5 Active Matrix LCDs and Their Addressing Techniques

where the TFT is assumed in the triode region. To ensure this, voltage v is made
quite high, and v, is small, being zero at the steady state (i.€., no current flows in
the TFT at the steady state). Hence, from (5.8) and (5.9) we find the minimum
aspect ratio /L of the TFT

w S 1 a 10.6(C, +C,)
L :ucg (VG “Vparsa — VTH)RON .UCg (VG ~Vpara —Viu )TR

(5.10)

When the TFT is OFF, several causes concur to discharge the pixel capacitance,
modifying gray scale uniformity. The TFT leakage current is the most relevant one,
but also resistive leakage through the LC material (R,¢) should be considered.
Considering only the TFT leakage, Iorr. this should be low enough to retain the
charge on the pixel capacitance during the frame time. Assuming the parallel of Cg
and Cy¢ be discharged by the constant current oz during T, we get

C,+C
Lopr < ST LC"AVLK (5.11)
F

where AV is limited by the maximum acceptable voltage loss (referred to one gray
level).

Tables 5.1 and 5.2 show some technology and display parameters for a very
large (56.3-in.) monolithic a-Si AMLCD [KSG2002].

Table 5.1 Technology parameters of a 56.3-in. a-Si AMLCD [KSG2002]

AMLCD Value
Row 30 18.8 Rr
Row Bus 30 226 fF/mm
Column Bus Resistance 10 45.0 Q/mm
10 824
Row-to-Column Bus 153 fF
Sub-Pixel A
A
TFT Channel On-Resistance 0.0634 MQ-mm
100 W
TFT Channel Off-Resistance 0.607 TQ-mm
100 w
689 fF/mm
TFT Gate-to-Drain 9 C
Row Driver Resistance 1.00 Rgs
1.00
Column Driver Resistance 1.40 kQ

Calumn Driver
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Table 5.2 Display parameters of a 56.3-in. a-Si AMLCD [KSG2002]

AMLCD Value Unit
1280
Number of Vertical Pixel 720
3840
of Row Lines 720
16x9
Pixel Pitch 0.974 mm
AY 0.974 mm
Width 1.246 mm
Pixel 701 mm
Size

Worst Case Sub-Pixel

As a numerical example, consider an XGA display with 768 rows and 60-Hz
frame frequency (N=768, Tr=16.6 ms and Tx=21 ps) in which 256 gray levels are
generated by a voltage swing (vpsr4) of 8 V (typical for large size panels). Thus,
31.2mV defines one gray level. Assume also that Cc ;=150 fF, Cicma=300 {F,
Cy= 400 {F, Virop=vs=20V, Cg=1.06-10'8 F/cm, p=0.45 cm?/V-s, Vr=3.5 V. From
(5.8) we get that Ry < 2.83 MQ, yielding W/L 27.4 from (5.10). Assuming also as
tolerable a AV;x lower than 1/6 one gray level (about 5 mV), we get from (5.11)
Iorr <0.16 pA. The values of W/L and Iosr we have found are compatible with
usual TFT technologies.

5.3.1 Kickback

The gate-drain parasitic capacitor Cgp is also the cause of charge redistribution with
the pixel capacitor Cg. This phenomenon is referred to as the kickback effect (it is
the same effect known as the clock-feedthrough experienced by designers of digital
and switched-capacitor circuits) and causes a decrement, AVyg, in the LC voltage
when the TFT is turned OFF at the end of a select petiod (the same effect holds also
when the TFT is turned ON, but it is not cause of error since it occurs at the
beginning of a select period). Considering Fig. 5.11, if AV is the voltage change at
the TFT gate when the row is deselected and assuming Vcou constant, the voltage
shift of ¥, is expressed by

v, (5.12)

As a result of both kickback and leakage effects, the behavior of a typical V¢
waveform appears as qualitatively illustrated in Fig. 5.12. The kickback causes a
modification of the data voltage and the generation of an unwanted DC component
(if the common electrode is held at the middle of data signal voltage swing). It is
thus the cause of gray-scale errors [KTK1982], shadings [KKN1990] and flickering
[K1989].
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From (5.12) we see that the error is nullified for Cgp ideally equal to zero.
Besides, AVyp decreases by increasing Cgt+Cye, but this decreases also the ON
charging time constant. We recall that C;p, for a TFT in triode is not a constant as it
depends on vgs. A conservative choice in order to evaluate (5.12) is to take the
maximum value (5.6). Also Cj¢ is not a constant, as already discussed in Section
2.2.3. Referring to Fig. 2.12, we can take the minimum value C;c, i,

AVe
Cep
1
o—
VDATA
Cs Cc  Vic
Vcom

Fig. 5.11 Pixel electrical model for evaluating the kickback effect

\Y
Ve

%VKB Vik

Fig. 5.12 Qualitative behavior of the pixel voltage due to kickback and leakage

As a numerical example, with the same data given before, assuming
AVe=20~(=5)=25V, Copmax=501F and again CgtCicnin=550 fF, we get the
maximum AVgg=2.08 V, corresponding to about 67 gray levels. In addition, since
the voltage shift is always negative, a DC component is added to V; that, as said in
many occasions, must be avoided (limited to below 100 mV). This demonstrates that
a compensation of the kickback is mandatory. To be more precise, we can write

Cre =Chemin TAC, (5.13)
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where AC, depends on V. Since also Cgp is dependent on the applied voltage, we
can rewrite (5.12) as follows

AVyy =AY, €.
ks @ Copma +Cs+C

LC . min

ST
(5.14)

CGD,max ! ACLC

We recognize a first static term, independent of the LC polarization, and a
second dynamic term which depends on the LC capacitance variation (function of
the gray level) and the TFT gate-drain capacitance variation. The sign of the
dynamic term is opposite to that of the static term.

We will describe techniques for kickback compensation in Section 5.5.

5.3.2 RC Delay and Pre-emphasis Driving Method

As the size and resolution of AMLCD panels increase, the large RC delay
introduced by the rows and columns causes a smoothing of the ideal square
waveforms and may cause an incomplete settling of the gate and column voltages.
In other words, the rate of transferring the analog video signal voltage to the pixel in
one row time becomes insufficient. The effect is illustrated in Fig. 5.13a. This
limitation is particularly evident when driving large voltage increments onto pixel
located at the farthest end of a column and of a row (with respect to the driving
ends) and is particularly critical for moving pictures causing motion blur (leading to
the appearance of a smear behind any moving image)[M2004]. Besides, the delay of
the gate pulse waveforms produces also different kickback moving from the nearest
driver end to the farthest end. To alleviate these problems, various approaches have
been developed. One is technological, through the adoption of materials with low
resistance for gate and source lines: for example, copper [TLT2006] or aluminium
alloy [AIH1998, TCC1998]. The other approaches rely on modifying the driving
method.

Source and gate drivers can be assembled at both ends of columns and rows for
simultaneous driving in Both-Side Drive or Dual Driving (see Fig. 5.14). In this
case the worst-case driving occurs at the center of the panel. Compared to the single-
side drive, this method reduces the RC delay time up to a factor of 4, but doubles the
number of gate and source drivers, thereby increasing fabrication costs. Source
drivers are more critical in terms of area and power dissipation, therefore this
approach is used only for the gate drivers.
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A fast single-side drive technique exploits Pre Emphasis (or Overdrive). Here
the row time interval is divided into a “pre-emphasising sub-period™ and a “source-
follower sub-period”, as illustrated in Fig. 5.13b. During the former interval, the
source data waveforms use pre-emphasis amplitudes that, as we will see, vary
according to the magnitude of the gray-level shift to be driven [KSK2003]. During
the source-follower period, the image data voltage is presented to the source line.
Figure 5.13b illustrates qualitatively the improvement offered by this technique
compared to the conventional one [NIM2007].

Waveform at Nearest End

(VNEAR)
e
/ Waveform at Farthest End
Veom . (VFAR)
\
N\
(a)

Pre-emphasis Period (TPRE)
Source-follower Period
/

—

VoD
Pre-emphasis—+ Waveform at Nearest End
Amplitude ’ (VNEAR)
Waveform at Farthest End
VSWING — (VFAR)
VCOM - -
VINIT—»
Vss
(®)

Fig. 5.13 Waveforms for: (a) conventional single side and (b) Pre-Emphasis driving.
The curves in solid (dashed) line represent the waveform near (far from) the driver
end

T

Source RC model of the Source Driver for
Driver column line both-side driving

Fig. 5.14 Dlustration of the Both-side Drive approach with RC-chain model of the
source line and unity-gain amplifier(s) of the source driver
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Let us evaluate analytically the required pre-emphasis voltage according to the
data voltage swing and allowed pre-emphasis time Tjz;. During this time interval,
the nearest end of the source line is driven at the voltage swing that is the sum of the
target (nominal) voltage swing and the pre-emphasis voltage swing expressed by

VSWING = VSWING +Vore (5.15)
The farthest end source line voltage is expressed by
Vear =Vinr + VS'WING 1—g RomConta (5.16)

where Viyr is the initial pixel data voltage. The product Rpsy Cpars can be
evaluated through the Elmore’s delay model [E1948] and, for an M-length RC-chain,
it is

M

Ry CDATA = Z CiZRj (5.17)
j=1

i=1

After imposing that at time Tpgy the far-end voltage of the source line must have
settled to the target voltage level, ¥yt Vswing, we get [SK2007]

Tpre
e Rpara Coara

Vere = Tppe Vewivg (5.18)

l—e Rpara Cpata

The above relation shows that the pre-emphasis voltage must be proportional to
the required voltage swing. Observe that to maintain the advantages deriving form
the method, pre-emphasis voltages need to change according to Tpgs and the display
panel load conditions. Besides, to manage the overdrive voltages required by the
approach, a higher-voltage IC fabrication process than that used for conventional

source drivers must be adopted (i.e., VS'W,G may result higher than the ordinary
supply).

Based on the fact that extremely white or black regions have insignificant effects
on image quality, a modification of the approach that varies the duration of the pre-
emphasis period, rather than its amplitude (this last can be maintained only in the
mid-swing regions) was proposed in [YHY2007]. This method does not require
higher-voltage IC processes.
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5.4 Crosstalk Reduction and Polarity Inversion Techniques

5.4.1 Crosstalk in AMLCDs

As explained in Section 3.3.3 crosstalk is mainly due to capacitive coupling effects.
These effects worsen with the scaling of lithographic dimensions and increasing
number of gray levels. In addition, crosstalk in AMLCDs can be caused by the
following mechanisms [LL1998]:

(1) incomplete pixel charging (due to high TFT ON resistance, unequal data
driver loading, line delay);

(2) leakage current from the pixel through the TFT.

Remedies to these problems are based on material selection, fabrication
processes, device design and layout. For our scopes, we will address only the
capacitive coupling effects.

Consider the layout of a pixel and his crosstalk capacitance shown in Fig. 5.15.

vi(t) V'(t)

Fig. 5.15 Top view of a typical pixel layout showing the data-line-to-LC-electrode
parasitic capacitance regions

The ratio of parasitic capacitances coupling the pixel-to-data line (o) and pixel-
to-adjacent-data line () can be expressed as

C

o= 5.19
Cpo +Cy +Cpp+Cru+Cop +Cppy +Cp, (5.192)

(5.19b)
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where Cpp and Cpp are the data-line- and adjacent-data-line-to-pixel-electrode
coupling capacitances, respectively, while Cpg and Cpe are the gate-line- and
adjacent-gate-line-to-pixel-electrode coupling capacitances, respectively.

Note that all capacitances except Cs in (1) and (2) are functions of the liquid
crystal dielectric constant. Both parameters o and B must be minimized to minimize
the effects of crosstalk.# One method relies on increasing Cs. Another one requires a
ground-plane shielding beneath the data line. Both methods need added pixel area, at
the expense of a smaller aperture ratio and larger gate-line delay.5 A third method is
based on an appropriate data-driving scheme. It leaves unaltered the pixel layout and
fabrication technology, thereby providing the least expensive and most
straightforward approach to further pixel scaling. Note that this approach does not
change o and P, but relies on incorporating some form of positive and negative data-
line pulse-coupling cancellation. As a drawback, higher voltage drivers and/or
higher driver power consumption may result.

We recall that any driving method must provide a nominally zero DC component
of the pixel voltage. Actually a DC residual always exists and to avoid LC mixture
damage, all present driving methods include some signal voltage polarity inversion
in a time scale shorter than that needed for the mobile LC ions to move substantially.

According to the type of polarity inversion (in which the signs of both the row
and column signals are periodically inverted) there are four possible driving
methods. These are illustrated in Fig. 5.16 and are called Frame Inversion, Column
(Data-Line) Inversion, Row (Gate-Line) Inversion and Dot Inversion.

Frame N Frame N+1 Frame N Frame N+1
FRAME INVERSION COLUMN INVERSION
Frame N Frame N+1 Frame N Frame N+1
ROW INVERSION DOT INVERSION

Fig. 5.16 Polarity inversion methods

40.=0.08 and BB = 0.03 were extracted for a VGA display in [LL1998].

5The IPS-Pro pixel structure has large Cs capacitance without reducing the aperture ratio
because the common electrode is made of transparent material under the pixel electrodes
[EOO2006].
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The principal trade-off among the four mentioned driving methods is the degree
of crosstalk cancellation versus driver chip power dissipation, and sensitivity to
flicker.

In the Frame Inversion method, each source signal has the same data polarity
and the data polarity is inverted once per frame time. The value of the instantaneous
voltage across the liquid crystal capacitor in the ith row position is given by:

V@)=V, +o-[V(O-V]+B-[V/()-V] (5.20)

where ¥; and V;" are the data voltages initially written onto the pixel and the adjacent
pixel through pixel selection, respectively, through their corresponding TFTs. V(¢)
and V,(¢) are the data-line and adjacent-data-line voltages with their respective
parasitic coupling factors to the pixel, a and §.

In the Frame Inversion method, the RMS voltage at the iy, row position in a N-
row display can be derived from (5.20) as

Vil v X raly,-n)eny )]

i (5.21)

Ssrol )l )] |

=

where the first term (V,.z) represents the value of voltage pixel during the TFT

switching-on (line i-th selected), the second term represents the value of voltage
pixel during the switching-on of all subsequent rows, while the third is the voltage
pixel during the switching-on of the previous rows (reversed polarity).

The simplified expression, obtained by neglecting the second-order crosstalk
terms (proportional to o, p?, and ap) in (5.21), is

Vi =(V,—aV,+BV,) +%V,[i(alfj +BV;)- 3 (o +[3VJT)} (5.22a)
J=1

j2i

then

Vo=(ro f+BV£>2+3W{in—i%}+iﬁ“{iw—EVJ
N i =) N =

(5.22b)
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Since each pixel is made up of three (RGB) sub-pixels, in general it is
V; ) # Vj'(t) . This condition guarantees that the first-order term in (5.22b) (linear

in o and B) is dependent on the data-line voltage for one frame. The Frame Inversion
is sensitive to flickering due to the absence of spatial averaging.

In a similar way, a general expression can be written for the case of the Column
Inversion method, for which each consecutive signal line has alternating positive
and negative data polarity and the data polarity is inverted once per frame time. By
neglecting the second-order crosstalk terms, we obtain:

_, N2 2 N i-1 o) N
Vi=(V,—al,+B¥,) +—aV{ZV;—Z%}-BVi[ZV,—ZV,}
N jzi Jj=1 N Jzi J=1

(5.23)

Note that although V}(r) # Vj'(t) , the Column Inversion method provides a better

crosstalk compensation compared to the Frame Inversion owing to the polarity
inversion between two adjacent columns that gives a negative contribution in the
expression of RMS pixel voltage. This method is less sensitive to horizontal
crosstalk caused by capacitive coupling between adjacent columns and can produce
better crosstalk compensation to a larger number of pattern images compared to
Frame Inversion. It is also less exposed to flicker due to the presence of spatial
averaging.

For the Row Inversion driving method, where each signal line has the same data
polarity and the data polarity is inverted once per scan line time, we obtain the
expression in (5.24a) and by neglecting the second-order crosstalk terms we obtain
the simplified expression in (5.24b).

— 1 N , L2
e e B Lt

+ 5 [rva(y,-n)+p(v,-7)]

Jeven)=2

+ i [K+G(V,—K)+5(V}—K')T (5.24a)

Jjlodd)>i

D) [-V,-+a(V,-—<—K>)+B(V;—(—V,'))T}

Jj(odd)=1
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2 N i-1 N i
LAY W/ W7
Jlodd )2i Jodd)=1 Jleven)>i Jleven)>1

TS VD A A B

Jlodd)=1 J(even)>i Jeven)>1

Compared to the Frame Inversion driving method described by (5.23). the Row
Inversion one contains an additional polarity reversal, as it is evident from the
separation of even and odd data-line values (¥}) and adjacent data-line (¥}') values.
For this reason, the Row Inversion driving method, in general, provides better
crosstalk compensation than the Frame Inversion driving method, but this is not
guaranteed, because the magnitude of crosstalk is dependent upon the screen image
pattern. For instance, if an alternating image pattern of black to white on the spatial
periodicity of a scan line were present, the result is a worst-case adding of all
coefficients of a and j for the case of the Row Inversion method. In general, image
patterns tend to be uniform over a screen area of at least several gate-line spatial
dimensions [LL1998]. In contrast to the Column Inversion method, this one
provides a better compensation of the vertical crosstalk produced by capacitive
coupling between the rows, but it is more sensitive to the horizontal crosstalk. As the
Column Inversion, it is also less exposed to flicker. As above, a general expression
can be written for the RMS pixel voltage in the case of the Dot Inversion method,
where the column and the row inversion approaches are both applied to the data so
that each consecutive signal line (column), as well as each consecutive gate line
(row), has an alternating positive and negative data polarity, and the data polarity is
inverted once per frame time. By neglecting the second-order crosstalk terms, the
resulting expression is expressed in (5.25) and includes an additional polarity
reversal compared to (5.24b).

-2

Vo=V, —ab, +BV )
i—1

2 < - 5.25
wav{z AP V,-+,(Z“V,} 2
j(even)>

J(odd )z j{odd)=1 j(even)>i

| S S Sy

J(odd)2i Jlodd)=1 J(even)>i J(even)y>1

This method has virtually no flicker
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Equations (5.22b), (5.23), (5.24b), and (5.25) describing all four crosstalk-
reduction driving methods show a gain-correction term (¥; —aV; +p V; )? as the first

term. For a simplified case, if VI = V,.’, the gain correction is (1 —o +[3)2, and the

effect is only a parallel shift in the T/V curve which depends on the values of a and
B. Any DC gain in the required RMS operation of the LC can easily be offset. In

general, however, ¥; #¥,, which makes the gain term data dependent on the

voltage or image pattern, and it cannot be easily offset.

Among the previous techniques, the Dot Inversion gives the best quality. Row
and Column Inversion are suitable for the reduction of vertical and horizontal
crosstalk effects, respectively. Since Column and Dot inversion needs source drivers
with high voltage swings, a good trade-off between area/power consumption and
image quality is given by the Row Inversion. Another approach that was not
discussed and that is a further simplification of the Row Inversion is called n-Line
Inversion. In this case polarity of the addressing waveforms is reversed at every n
rows, where » is an integer less than the number N of matrix rows. Recently,
Vertical n-dot Inversion has been adopted as a polarity reversal method to reduce
power consumption while maintaining image quality [SKC2007]. The Vertical 2-dot
Inversion is exemplified in Fig. 5.17.

Frame N Frame N+1
+ o+ 4 -+ o+

+ + + o+ 4+
-+ o+ + -+ 4+
+ -+ 4+ -+ -+ -
+ + - + -+ +

Fig. 5.17 Vertical 2-Dot Inversion driving method

In another technique, referred to as Data Complement, the row addressing time
is partitioned into two intervals. During the first interval the data is applied to the
source line, as usual. During the second interval all the row TFTs are turned OFF
and the data complement (voltages with opposite sign) is applied to the source lines.
If the two time intervals are equal, it can be easily shown that first-order crosstalk is
eliminated [HAW1989]. The simplest case of equal subperiods halves however the
net row time (it is now T/2N instead of 7/N) and hence requires an LC mixture with
doubled switching speed. To avoid this drawback, the compensation interval can be
a fraction 8T/N of the row time (with 8<0.5), and the amplitude of the complement

voltage must be increased by a  8/(1—3) factor.

5.4.2 Power Analysis of Polarity-Inversion Techniques

In this section we will evaluate the power consumption of the above polarity
inversion methods. We will consider a display with N rows and M columns and
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168 5 Active Matrix LCDs and Their Addressing Techniques

assume that the load capacitance of each source driver is constant and that the
common electrode voltage Ve is 0 V.

(a) Frame Inversion. In this case the lowest power consumption is obtained when
all the pixel voltages of the same column are equal during a given frame time (white
pixels are considered, otherwise for all black pixels the power consumption is
theoretically zero). Indeed, in this case the Source Drivers have the minimum
number of commutations. The power dissipated by a single column is hence:

Cror [VSAT_(_VSAT)]_ Jr=2 Cpyy Vsitr Jr (5.25)

1
FPor = '2_
where Croy is the total capacitance seen by the Source Drivers, whose largest output
voltages in the positive and negative frames are +V,r and —Vs,r, respectively and f

is the frame frequency.
The overall power consumption in this best-case condition is

Pun=2-M -Cpor V- f5 (5.26)

The worst case occurs when we have an alternating succession of black and
white rows. In this case each Source Driver must provide N commutations in each
frame.

1 2
Pmax:E'N'M'CTOT'VSAT‘fF (5.27)
P is N/4 times greater than P, and then power consumption in Frame Inversion
is limited by

P, <P, s% P, (5.28)

(b) Column Inversion. The power consumption is exactly the same as in the
previous case, because the pixels of the same column are subject to the same
voltage. Hence, P; equals Pp;.

(¢) Row and Dot Inversion. Dually to the previous approaches, here the
maximum power consumption occurs when all the pixel voltages of the same
column are equal during a given frame time. Indeed. in this case the Source Drivers
have the maximum number of commutations.

Pmaxzz'N‘M'Cror'VszAT'fF (5.29)

and is 4 times greater than Py of Frame e Column Inversion approaches. Besides
from (5.26) it is N times greater than P;y obtained with Frame and Column
Inversion. Therefore, we get
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Poin S Py =Py <M-P (5.30)

The power consumption is greater in those driving methods where row polarity
is switched from frame to frame.

For simplicity, we have assumed Vcop equal to 0 V. Actually, Veor can be
different form 0 and even a variable voltage (¥con switching) in order to meet the
constraints set by the adopted CMOS technology, area occupation, and/or low
voltage demand. The Vg switching approach increases the power dissipation and
causes additional charge injection effects through parasitic capacitances. We will see
in Section 5.5.2 that Vg, switching requires the same polarity for pixel of the same
row and therefore cannot be adopted in both Column and Dot Inversion techniques.

5.5 Kickback Compensation Methods

We have seen in (5.14) that the error due to the kickback includes two contributions:
a static one, independent of the gray level, and a dynamic one

AVip = AV o0 + AVip pyn (5.31)

The dynamic contribution, being dependent on the actual data, must be
compensated by the source driver. The static part may be compensated through
different approaches: we can shift Vcou (as illustrated in Fig. 5.18), or through the
subsequent gate voltage for Cap-on-Common architectures or other techniques that
will be described in the following.

Gate ' Cap
Driver
Ve
Vic
Driver
Va(0);
' AVgg st
Vcom

Fig. 5.18 Kickback compensation through the Source Driver (dynamic part) and Veoym
(static part). The static part can be also compensated via the subsequent gate line, for
cap-on-gate architectures

The gray-level voltage, Vg, that through the source drivers must be applied to
each pixel is hence
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Vor =Ver (0)=AVig pyy (5.32)

where ¥,(0) represents the nominal gray-level voltage without kickback correction
(**0” stands for zero kickback). Using (5.14), (5.32) can be rewritten as
CGD,max 'ACL(‘
Copmax T Cs +Cre min ) : (CGD,max +Cs5 +Cpp min +AC ¢ )
(5.33)

VoL = GL(0)+(

In practice, the nonlinear compensation required by (5.33) is implemented in the
same circuit block that operates the Gamma Correction. Considering only the
nonlinearity of the electrooptic T/V behavior, the Gamma Correction curve should
be symmetrical in both positive and negative values, as already described in Section
4.5.2. This symmetry is lost if we introduce also the compensation of the dynamic
part of kickback, as illustrated in Fig. 5.19. Note that due to the nonlinear
dependence of C;c on the applied voltage, curve (b) is not obtained by a simple
shifting of curve (a). This implies that two different gamma curves must be
constructed for both positive and negative polarity.

The kickback compensation for both the static and dynamic contributions is
closely related to the driving scheme adopted [N1986, YKK1986, S1987, T1989,
TNM1990]. In the following we will examine this issue with reference to the four
polarity inversion techniques discussed before.

Vel

GL

Fig. 5.19 Gamma correction curves: ideal symmetrical (1) and asymmetrical including
dynamic kickback compensation (2)

5.5.1 2-Level Driving

In this scheme the Gate Driver provides a two-level output voltage, Yoy and Vg,
for selected and unselected rows, as illustrated in Fig. 5.20. Voltage Vo is held
constant and consequently the Source Drivers signal swing must be 2¥Vg47 (= 10V) to
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allow polarity inversion and thus covering the maximum excursion range given by
VeonVsar to Veort Vsar. Nominally, ¥, can be either equal to 0 V or to Py

The dynamic kickback contribution is compensated via the asymmetrical
Gamma Correction curve described before. Considering the static contribution and
(5.14), its compensation is achieved by shifting the nominal value of Vceou by a
quantity A VCOM

AVeons =MVsp = (Vorr Vo ) (5.34)

Figure 5.21 illustrates the driving voltages in the case of 2-Level Driving for a
Cap-on-Common LCD panel structure. The compensation effect is apparent. After
the charge injection, the magnitude of the ¥, voltages in both positive and negative
polarity are equal.

VGL
VON l
—
VOFF CaGD
VON
Vcom
—
VOFF CaeD
VON Lc
Vcom
—_—
Cap
TFRAME
Vcom

Fig. 5.20 Gate driver waveforms for three subsequent gate lines in the case of the 2-
Level driving scheme
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VG1 VON
VOFF
Vcom
H >t
AVkpsT |
Vic

VGL(0)-AVKB.DYN

VGL©o) ¢ i

Fig. 5.21 Driving voltages in the case of 2-Level approach for a Cap-on-Common
LCD panel structure

5.5.2 VCOM Switching

This technique operates the inversion polarity through the modulation of voltage
Vcom as illustrated in Fig. 5.22, where Vg, is the data voltage to be applied (in both
polarities) to the LC pixel and Vsp is the output voltage of the Source Driver.
Compared to the two-level approach. a Source Driver with a halved output swing is
required. The approach is thereby suitable to be employed with low-voltage CMOS
technologies.

Unfortunately, an additional error is introduced due to the charge injection from
the common electrode when the TFT is OFF and Vo is switching from 0 V to Vi,
in order to allow the polarity inversion of the other rows (see Fig. 5.23). This
problem is simply eliminated by introducing the same voltage change onto the gate
voltage. Therefore, voltage ¥orr at the output of the Gate Driver can be either Vpp
or Vorry, so that

y

VOFF,H ~YorrL = VCOM,H - VCOM,L (5.35)
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Source Vsat
Driver VoL
Vsat

Gate CLC+CS§
Driver Vie

Veom Vic

Vsat

VaL

Fig. 5.22 Source Driver and Vg, waveforms for Vg switching driving scheme

Cep

- [

Vorr

' 1
- L

Cs CLc'j AVic

VSATI Veom

Fig. 5.23 Illustration of the error voltage (AV;¢) caused by the switching of Vegys
when the row is unselected

The gate driving waveforms required in the Veour-switching technique are
exemplified in Fig. 5.24. To better illustrate the behavior, a Row Inversion method

is assumed. )
As far as the kickback is concerned, in this case the amount of kickback differs

from positive to negative polarity, owing to the different C; and Cgp and also to the
different step amplitude, that is Vyy —Vpee, for negative polarity and

Von = Vorr i for positive polarity.
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Consequently, the kickback amount is

AVI:B =Vox —Vorru) Copam
~ Copmex TCs +Cic i
CGD,max ' ACLC (5.362)
(Copmse TCs +Crcain) (Copama +Cs +Coomin +ACsc )
= AV 0 + AV o
C
AV, =V —V“ GD.max
k8 =Von —Vorr 1) oo +Cs+Coon
CGD,max 'ACLC (5 36b)

(CGDv“‘“ +Cs +Cicain ) ’ (CGD‘max +Cs +Cp in +AC )

=AVip oo + AV o

The compensation of the static contribution is performed by shifting the value of
VCOM by AVKB‘ST+ and AVKB.ST_ and in turn the values VOFF,H and VOFF.L- The
expression of the pixel voltages in both polarities are

e =Vor +AVig = AVeor 1 (5.37a)
Vie =Va, + AV — (VSAT +AVeom ) (5.37b)

where AVcopy, and AVcouy are the correction values of the low and high Veop level,
respectively. As stated before, 0 and V7 are the low and high Vg ideal levels
(neglecting any kickback).
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ve1  Vow
t
- VOFF H
* VOFF L
VCcom \
VG2 VON
t
VOFF H
VOFF L
vie

-VGL(0)

Fig. 5.24 Waveforms of two adjacent gate lines, common electrode, and pixel for
Veonrswitching driving scheme

The dynamic contribution is compensated as usual via the Gamma Correction
curve. Observe that for negative polarity the Gamma curve extends to negative
voltage values. This should be avoided if source drivers with positive output swing
are to be adopted. To obtain a completely positive Gamma curve it must be shifted
by a constant value equal to the dynamic kickback of a black pixel. Rearranging
(5.37) we get:

Vie =V (0)+ AV g oo = (0+ AVop 1) (5.38a)
Vie™ =V (0)+ AV gy pyw (Black) + AV 57 — (Vaur + AVeons 1) (5.38b)

To obtain the correct pixel voltages V. =V, (0)and ¥, =V, (0)—Vyr,

the required AVeon, and AVeor g are:

AVeors it = AVip sy + AV g pyy (Black) (5.392)
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A VCOM,L =A V]:B‘ST (5.39b)

Finally, from (5.35) and (5.39) we get:

Veortr =Vsar + ( Vi =Vorr u ) : (5.40)
_CGD.nmx CGD‘m.u ' VSAT + (CLC,nm + Cs ) ’ (Vl - VOFF,H + VSAT )
Veomr =
(CLC,mjn + Cs ) ' (CGD.nm + CLC,max + Cs
(5.41)
Vorrr =Vorr st —Veur —=AVeom yr + AV o 1 (542)
Considering the negative polarity, the gamma correction amount is
Voo =V (0)=AVi pw + AV s pyn (Black) (5.43)

It should also be observed that the numerous commutations of the common
electrode and Gate Lines, increase, in the case of Row Inversion, the power
consumption. This is a clear limit of this approach for mobile applications. Besides,
owing to the commutation of Vg techniques such as Column e Dot Inversion
cannot be implemented. This scheme is however compatible with both Cap-on-
Common and Cap-on-Gate structures.

As a numerical example, consider the typical values listed below:

Vear =5V, V=18V, VOFF,H =-8V, CGD,max =50f1F, Cre min =1501F,
Cie wmax = 300fF, Cg = 400fF

Using (5.40)+542) we get the following voltages:
Veorun =3.267V, Vegpy ==2.661V, Voo =-13.928 V

5.5.3 3-Level Driving

Like in the 2-Level approach, a constant Vo is here employed (a high-voltage
Source Driver is hence needed). This approach exploits the Cap-on-Gate panel
structure, where the storage capacitor Cg is connected to the adjacent Gate Line, as
depicted in Fig. 5.25, showing also the driving waveforms. ¥; is the TFT ON
voltage, V; is the OFF voltage, and V; is called a pre-pulse voltage.
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VG1 . VoL
1 }
—>
V3 V3 CaD
Vez V2
Cs CLc
VcoMm
—
CaGD
V2
Cs CLc
TFRAME Vcom

Fig. 5.25 Gate voltages in the case of 3-Level driving scheme
Separating the static and dynamic kickback contributions we get:

Cs

AV =(Vs=V): ~(n-7) +Cpemin T Cs

GD . min

(5.44a)

—Ccn_mm ’ ACLC

=(V,-V
AVKB‘DYN (V3 1 ) (CGD.max + CS + C‘LC.min )(CGD.max + CS + C'LC,mi.n + AC’L(‘ )

C, AC,.

+(V, -V
( ’ Z) (CGD.min + CLC,min + CS )(CGD,min + CLC.min + CS + ACL(' )
(5.44b)
After setting AVgg st = 0 we get
C !
V=4 (Va=1y) =2

<
(5.45)

Cop max

=h(h-h) =E

Substituting (5.45) into (5.44b) we get the dynamic kickback component
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AVKBADYN =(V3—K)

(5.46)
1 —
CGD.max + CS + CLC.min + ACLC CGD.max + CS + CL("‘min + ACLC
the aid of a both static
an lly eliminat ng the use
of can be the 1, with an

advantage both for circuit complexity and calibration task. Actually, due to the fact
that Cgp is not constant, we cannot achieve a perfect cancellation of kickback. The
driving voltages are illustrated in Fig. 5.26.

Assuming V=18 V, V;=-8 V, Cgpma=50 {F, Cepmin=30 fF and C=400 {F, we
get from (5.45) ¥,=—11.142 V (and with the approximation —11.250 V).

VG1 Vi
V3 V3
V2
VG2 V1
V3 .
V2
Vvic

VLG(0)

Fig. 5.26 Driving and pixel voltages in the case of 3-Level driving scheme
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5.5.4 4-Level Driving

As for the 3-Level approach, also this driving scheme exploits the Cap-on-Gate
structure. However, in this case the aim is to use a low-voltage source driver and a
constant Vcom. The polarity inversion is here obtained by using four voltage .]eve!s
in the gate line. These waveforms are shown in Fig. 5.27 (Frame Inversion is
assumed).

Denoting as AV, and AV, the kickback in a positive and negative frame

polarity, respectively. and separating the static and dynamic components we get:

. % +(V,-V,) s
AVKB.ST:(V}_ 1). ’ ! CGD i +C‘.S'—i—C‘LCmin
(5.47a)
C
AVIQB-ST:(V;;VI). +(V;_V2) CGD i +C‘S-'_C‘L(‘min
(5.47b)
AVEB.D)’]\’:(V;_VI)' +
v_y ) C AC
( ’ ! CGD,min + CS + CLC,min )(CGD.mjn + CS + CLC.min + A(jLC )
(5.48a)
AV!;B.DYN:(V;_VI)' +
(V V. ) Cy-AC,
P (Ccs,mm +Cs + CLc,mm )(CGS,min +C +Chepin + ACc )
(5.48b)
The pixel voltage is hence
Vie =V + AV s+ AVis ow —Veom (5.49a)
Vie =Vo +AVig o+ AV pyn — Veou (5.49b)

where:
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Vor =V, (0)+ AVGunans Vor = I:VSAT Ve (0):' + AV G nmas Vie =—Vie

Vi VfL
—
Va | V3 Ve ) Cep
Va2 V4
Vi Cs Lc
VCcom
—
V3 CGD
Va Vs
Cs
TFRAME
Vcom

Fig. 5.27 Gate voltages in the case of 4-Level driving scheme (Frame Inversion is
assumed)

Similarly to the previous case of ¥roy modulation, in order to have a positive
gamma voltage for both polarities we must set:

AV(;A!WWA =-A VK+B‘DYN and A VG_AIW\/M =-A VI;B,D}’N +A VK_B.DYN (BlaCk)

. - _
AVKB,ST =Veon and AV,p o =Veop —Vr = ’AVKB,DWV (BlaCk)l
After setting Veon = Var/2, we get the prepulse voltages:

CGD,max CGD,min + CLC,max + CS
CS C"GD.max + CLC,max + CS

+ VSAT CGD,min + CL +CS
2 C

S

V=Vi+(V,-1):

C,max

(5.50a)

C
=V (V=) m e T
C, | 2 c,

Liquid Crystal Drivers 181

CGD,max CGD,min + C[,C,min + CS

CS CGD,max + CL(‘.min + CS
VSAT CGD,min + CLC.min + CS
2 C,

V4:V3+(V3"Vl)

(5.50b)

We show in Fig. 5.28 the driving and pixel voltages in the case of Frame
Inversion.

VG1 Vi
V2
V3 V3
V4

VG2

V2

V3
V4
Vie
VLG(0)
-VLG(0)!

Fig. 5.28 Driving and pixel voltages in the case of 4-level driving scheme. Frame
Inversion is considered

The advantage of the 4-level approach derives from the use of a low-voltage
source driver and a constant ¥cons but a complex gamma correction to eliminate the
kickback dynamic component. The approach is compatible only with Cap-on-Gate
panels. Finally, either by increasing (for positive-polarity frames) or decreasing (for
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pegative-polarity frames) by the same amount all the ON pixels, it is possible to
implement only those inversion methods in which the pixels of a given row have the
same polarity, that is Row and Frame Inversion.

5.6 Concluding Remarks

The AMLCD industry has rapidly attracted a great interest by producers and
originated a vast excitement in the consumers, so that now it has become an
upstream dominant industry. As first investments were made in Japan and
subsequently in Korea, Taiwan and recently in China, virtually all AMLCD panel
fabrication lines are located in Asia. At the time of writing AMLCDs have
penetrated completely the PC notebook market and by more than 50% that of PC
monitors. while the TV sector represents the greatest potential of growth (in 2007,
the number of LCD-TVs sold worldwide overcome that of CRT-TVs). This
impressive and successful expansion has been possible thanks to the efforts of all
divisions of the industry, from the manufacturers to component and equipment
suppliers.

In this chapter we summarized the a-Si and poly-Si TFT electrical behaviors, we
described the AMLCD panel structure and focused our attention on the dominant
driving approaches. Conventional inversion polarity techniques were analyzed in
detail with their related power consumption issues. Pre-emphasis and kickback
compensation methods were addressed as well.

Based on these considerations, we can anticipate the first main differences
between drivers for PMLCDs and AMLCDs:

(1) The pixels do not respond to average voltages, frame response effect is absent
and MLA techniques are no longer required;

(2) Gray levels are generated by means of the sole source voltage (and not on
both row and column voltages, as for PMLCDs), therefore an accurate Digital-to-
Analog conversion is mandatory to obtain a source voltage from a digital RGB
information. PWM techniques are no longer required;

(3) Due to the higher data transfer rates, low-speed serial interfaces cannot be
used because are too slow.

To conclude the discussion, we briefly describe some further methods that have
been devised to improve AMLCD picture quality. They are based on the human
vision perception system® [YW2000, SAK2006, SL2007]. Of course, most of these
techniques are meant for LCD TVs, but it is expected that they will be rapidly
transferred to high-performance portable multimedia devices as well.

The first two approaches we treat are driving methods aimed to reduce the
motion blur and in general to improve the quality of moving pictures [M2004].

oIt is now recognized that optimized display performance can be only achicved by the
undefslcmdmg of the human color perception (see Appendix D), preferences. perceptible
maximum contrast level (in general viewing circumstances and not only in dark rooms), and
SO on.
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Studies on the human visual system show that the conventional display-and-hold
driving method of L.CDs, which maintains the previous frame image information for
about 16.7 ms (=1/60 Hz) until the subsequent frame image, is the cause of
afterimage formation on the retina and, in turn, the origin of motion blur perception
[K2001, TYT2003]. This drawback is absent in CRTs with their inherent impulsive
driving behaviour. Note that motion blur cannot be eliminated even if the LC
response time approaches zero. This explains why, despite the use of progressively
faster LCs and pre-emphasis techniques, we have now reached a limit in reducing
motion blurring. The amount of afterimage on the human retina can be further
reduced only by decreasing the frame time duration.

Fast Frame Rate (FFR) driving (i.e.. the use of a frame frequency of 120 Hz) is
at this purpose the most straightforward method [LSP2005, OIM2005], though there
are issues to resolve in order to contrast the temperature increase in the data driver
ICs without affecting the system cost.

Impulsive Driving is an attempt to recreate the CRT behavior through either
Black Data Insertion [YKI2005, YTI2006] or Backlight Blinking [FNC2001,
HST2001]. The former is based on the insertion of black data subframes between
two consecutive video frames and is implemented via software. It takes advantage of
the fast gray to black response of recent LC mixtures. For slower LCs the same
effect can be simulated by pulsing the backlight. The technique is implemented via
hardware through the backlight inverter and was proposed already in 1998 by a
group of Japan Broadcasting Corporation (NHK) headed by Taiichiro Kurita
[KSY1998]. To be effective, residual light leakage during the backlight turning OFF
must be minimized. As a main drawback, both approaches reduce the overall display
luminance.

Research has been carried out to improve also contrast and color reproduction.

LCDs provide reduced contrast when displaying very bright or very dark images.
Dynamic gamma can be used to overcome this drawback. In this approach the
gamma curve is adjusted on a frame by frame basis depending on the image content.

Another promising approach for contrast improvement is the Backlight
Dimming, [SHS2004, SKT2005, SM2006], in which the whole screen is divided
into some areas and LEDs are assembled on each one with independent brightness
control function. The backlight intensity of different areas is hence separately
controlled based on input video signal levels. A 100 000:1 contrast ratio was
reported using this method [SHS2004], which takes advantage of the LEDs fast
response. This approach allows reducing the power dissipation of the backlight as

well. The better LED color property’ will also improve color gamut in LCD TVs.
To be completely exploited, this would require the introduction of an additional
primary color (most probably Yellow) together with the traditional three RGB
primaries (Multi-Primary color displays) [ELS2005, SL2007].

A typical CCFL backlight will enable an LCD display to reproduce 60% of the colors that
can be transmitted using an NTSC signal (see Appendix D). RGB LED backlight has the
better color coverage spectrum (color gamut), which is about 110% NTSC (that of White
LED is about 70-80% NTSC). Unfortunately, RGB LED backlight has the highest power
consumption [CCC2007].
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All these techniques are very important for the rapidly growing markets of LCD-
TVs and home PC multi-media stations, where image quality is going to become a
key factor. On the other side, the market pressure to reduce cost for mainstream
desktop monitors (adopted massively by business companies for text and graphics
usage) will cause a limited adoption of the above techniques into low-end displays.
However, several improvements are foreseen also in the area of mobile AMLCD
drivers. For example, Solomon Systech Ltd. (Hong-Kong), outlined the coming
advances summarized in Table 5.3 already at the end of 2006.

Table 5.3 Some improvements expected in mobile LCD driver ICs [S2006a]

Features Present Coming advance

Resolution OVGA VGA

DAC 6-bit gray scale 8-bit gray scale

Motion Pre-emphasis Pre-emphasis and Black Data Insertion

Interface Parallel and SPI Custom parallel and high-speed serial®

Backlight No control LED Backlight Dimming

Contrast No adijustment Automatic adjustment according (o ambient light level.

Touch panel  High-end feature  Popular feature
*High-speed serial interfaces are discussed in the next chapter
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Drivers for Active-Matrix LCDs

AMLCDs were originally conceived for large-screen full-motion applications, but
the demand for multimedia handheld equipments with embedded high-quality
(small-screen) displays has recently pushed their utilization also in this market
segment.! Nevertheless, the driver circuits for these two LCD panel categories are
subject to different trade-offs:

(1) Small-area LCDs are typically battery operated and are cost driven and area
driven. Thus, the evolution of the driver architecture has been aimed to the reduction
of the number of IC components ultimately converging to a monolithic IC (single
chip, or combo chip), conceptually similar to that studied in Chapter 4 for PMLCDs.

(2) Owing to the greater number of rows and columns, large-area high-resolution
panels cannot be driven by a single chip, which would require an unfeasible number
of pins. Besides, large-area LCDs are not strictly focused on reducing power
consumption and dimensions. Their main concern is on performance. Their driver
design is hence characterized by a multichip architecture where the main
functionalities are implemented by separate specialized ICs.

(3) As already discussed in the previous chapter, small-area AMLCDs can be
realized either in a-Si and LTPS technologies, whereas large-area AMLCDs exploit
only a-Si because of the inherent wide process variations of LTPS over the substrate
area. Research is however performed to overcome this limitation.

(4) Column voltages of small-area AMLCDs must have a reduced voltage swing
(of about 5 V and Veonrswitching is adopted) to employ thin-gate-oxide transistors
in the implementation of the Source Drivers, choice driven by size and cost
reduction. In contrast, Source Drivers for large-size¢ AMLCDs require a higher
voltage swing in the range of 16 V, because this supports the increasing number of
gray levels required (10 bit per RGB color, at least). Therefore, 20-V thick-gate
transistors are adopted. In this case Vg is held constant to ¥;cp/2(=8 V) and
Veon-switching is not exploited. Dot Inversion or column and n-Line inversion is
generally used in large-area AMLCDs for its better performance.

IThe demarcation between small-area and large-area AMLCDs can be roughly set to 5 in.,
despite this value is dependent on the application (e.g., mobile phones, smart phones,
MP3/MP4 players. PDAs, etc.). This differentiation is becoming less and less evident with the
increasing of the resolution.
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