Techniques with low hardware complexity of the driver electronics
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Abstract — Demand for high-quality images in mobile phones has set a new standard for displays in

such portable devices. Active-matrix liquid-crystal displays (AMLCDs) are replacing passive-matrix
LCDs in these applications. One of the reasons is the lack of simple techniques for displaying a large
number of gray shades. The goal was to develop new addressing techniques to fill this void, and it
has been achieved without increasing the hardware complexity of the drive electronics. Various tech-
niques that are capable of displaying a large number of gray shades with low hardware complexity of
the driver circuit are reviewed.
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1 Introduction

Liquid-crystal displays (LCDs) are found in high-volume
consumer products such as cell phones, digital cameras,
personal computers, and televisions. Unlike CRTs, flat-
panel displays have a large number of drivers. In almost all
displays, the number of drivers is equal to the sum of the
rows and columns in matrix displays, and high-resolution
displays have a few thousand electrodes to be connected to
the drivers. Although a small percentage of active-matrix
displays have drivers incorporated in them, most of the
active-matrix liquid-crystal displays (AMLCDs) have stand-
ard driver integrated circuits (ICs) that are fabricated sepa-
rately on crystalline silicon because the mobility of
amorphous-silicon in the active matrix is low. It is worth-
while to improve the performance of passive-matrix LCDs
because they have a simple structure that is easy to manu-
facture. It has less number of steps and consumes less
power, chemicals, etc., during the manufacturing process
compared to AMLCDs. Reducing the hardware complexity
of the drivers will reduce cost and power consumption, and
enhance the reliability of passive-matrix displays. Adequate
research with the aim to improve the performance will yield
results similar to the enormous effort that has gone into the
research and development of AMLCDs that has paid rich
dividends. Some of the steps that will enhance the perform-
ance of passive-matrix LCDs are as follows:
1. Incorporating a black matrix into the passive matrix
to increase contrast ratio.
2. Development of new materials to achieve fast response
of the display.
3. Increasing the viewing angle of the display by using
better materials.
4. Exploring the possibility of new electro-optic effects.
5. Increasing the gray-shade capability.
6. Reducing the hardware complexity of the driver
circuits.
7. Reducing power consumption.

We have achieved improvements in the image quality
of a display by increasing the number of gray shades and
reducing the hardware complexity of the drivers by using
energy multiplexing as will be described in this paper.

2 Background

It is well known that orthogonal functions are essential for
matrix addressing. They play the same role as that of the
carrier waves in communication. Conventional addressing
techniques such as line-by-line addressing,1 active address-
ing,2 and multi-line addressing3 are primarily designed to
drive the pixels either to the ON or OFF states. Line-by-line
addressing is similar to time-division multiplexing. It is the
simplest, and the hardware complexity is the lowest of all
the addressing techniques. Active addressing is similar to
sequency multiplexing because both are based on Hadamard
matrices and Walsh functions, and the active addressing is
the most-resource-demanding technique. Information to be
displayed on the entire screen has to be accessed within one
select time, i.e., a frame-buffer memory with an access time
of about 1 nsec is necessary in comparison to about 260 nsec
for line-by-line addressing, assuming a refresh rate of 50 Hz
for a QVGA display having 240 rows and 320 columns.
About 983 million additions per second are to be computed
to generate the data voltages for the active addressing,
whereas no such computation is necessary for the line-by-
line addressing. Multi-line addressing is a combination of
sequency and time-division multiplexing. Hardware com-
plexity and the demand on resources of multi-line address-
ing is lower by a factor of N/s compared to that of active
addressing and is higher by a factor s compared to the line-
by-line addressing. Here, N is the number of address lines
multiplexed and s is the number of address lines that are
selected simultaneously. Pulse-width modulation* and
frame modulation® were used to add gray-shade capability
to the line-by-line addressing techniques, but the number of
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gray shades is limited because the number of time intervals
increases linearly with the number of gray shades. Frame
modulation and pulse-width modulation need G - 1 time
intervals for displaying G gray shades. This will result in
flicker when the number of gray shades is large. The small-
est time interval in pulse-width modulation may be compa-
rable or even less than the RC (resistance of the switches in
the driver circuit and capacitance of the pixels) time constant
when the number of gray shades is large. Error in the rms
voltage across the pixels due to distortion in the addressing
waveforms will result in poor brightness uniformity among
pixels that are driven to the same state. Amplitude modula-
tion,0 pulse-height modulation,” can result in a large
number of gray shades. The number of voltages in the data
waveforms is large, i.e., 2(G — 1) when the amplitude modu-
lation is used for displaying G gray shades using line-by-line
addressing. It is even higher for pulse-height modulation in
multi-line addressing. Either the hardware complexity or
the power consumption of the data drivers is high for ampli-
tude modulation and pulse-height-modulation techniques.
In summary, gray shades are obtained either by modulating
the duration or the amplitude of the voltages. It is evident
that a different approach is necessary to surmount the prob-
lems associated with these techniques. An eight-gray-level
drive technique8 is the first technique that modulated the
energy delivered to the pixel, depending on the bits of the
gray shade rather than the gray-shade values themselves.
Although it was proposed to display just eight gray shades in
combination with multi-line addressing, it has the potential
to display a large number of gray shades because the
number of time intervals increases logarithmically and not
linearly with the number of gray shades. The hardware com-
plexity of the drivers is almost the same as that for a bi-level
display as demonstrated by successive approximation tech-
niques.9>10 The eight-gray-level drive method is a good con-
tender for displaying a large number of gray shades, but for
the fact that the selection ratio is low and the supply voltage
increases rapidly with the number of gray shades. It is pos-
sible to achieve the same results without increasing the sup-
ply voltage by modulating the data voltages as shown in this
paper. But the selection ratio remains low when either the
select voltage or the data voltage is modulated to display

gray shades. Successive ‘aq)proximation10

can display a large
number of gray shades and achieve the maximum selection
ratio with a moderate increase in the number of time inter-
vals (logarithm of the number of gray shades) and supply
voltage. Similarly, wavelet-based addressing techniques can
display a large number of gray shades. Both these tech-
niques are based on energy multiplexing for displaying gray
shades, and this approach has led to a drastic reduction in
the drive circuit. The principle of energy multiplexing is dis-
cussed in the next section.

3 Principle of energy multiplexing

The response time of LCDs is large (in the range of 10-100
msec) and the pixels cannot immediately respond to abrupt
changes in the voltage across them. The electro-optic response
of an LCD is less sensitive to the shape of the waveforms
across the pixels and the state of the pixels is determined by
the energy delivered to the pixels. Hence, the rms voltage
controls the light transmission through the pixel. Instead of
applying a voltage that corresponds to the desired gray
shade within one time interval, a quantum of energy that
corresponds to one bit of gray shade is delivered to the pixel
by energy multiplexing. Addressing is complete when the
energy that is proportional to bit weight of all the bits is
delivered to the pixels either sequentially as in a successive
approximation technique or simultaneously for a few bits
(combination of sequential and parallel approach) as in wav-
elet-based addressing techniques. The number of voltages
in the data waveform will be less and the number of time
intervals will be more using the sequential approach. Simul-
taneous application of energies corresponding to a few bits
increases the number of voltages in the scanning and data
waveforms, but it takes a less number of time intervals to
complete a cycle. It is similar to reducing the 28 — 1 compara-
tors in flash analog-to-digital (A/D) or reducing the (maxi-
mum) conversion time of 22 — 1 in a counter-ramp A/D
converter to g steps in a successive-approximation A/D converter.

4  Energy multiplexing by modulating the
amplitude of the select voltage

An eight-gray-level drive method for fast-responding STN-
LCDsS proposed by Mano et al. uses the idea of energy mul-
tiplexing to some extent. The amplitude of the select pulses
is chosen to be in the ratio of 1:2:4 (bit weights of a three-bit
binary number) to modulate the energy delivered to the pix-
els in three time intervals. Although this technique was pro-
posed for multi-line addressing, the idea can be used with
any addressing technique. An analysis of this technique by
generalizing it for displaying 28 shades using ¢ time intervals
in line-by-line addressing is presented to provide some insight
of energy multiplexing.

5  Gray shades by modulating the select pulses

Let us consider a matrix display with N scanning lines
(rows). Let 21 V,- be the select voltage during the time inter-
val-i. The voltage applied to the data lines (columns) during
this time interval is determined by the bit-i of the gray shade
of the pixel located at the intersection of the selected ad-
dress line and the data line. It is +V,, i.e., same sign as that
of the select voltage when the bit-i = 0, and -V, i.e., the
opposite are opposite polarity to that of the select voltage
when the bit-i = 1. Energy delivered to the pixels is given by
the following expression:
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The selection ratio of this technique is lower than the
maximum achievable by any technique:
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A plot of the selection ratios are shown in Fig. 1 for
several values of g. Another measure for the performance of
the technique is given by N, the number of lines that can
be multiplexed by the techniques with a selection ratio
given in Eq. (7) to achieve the same selection ratio of the
technique to be evaluated. It is obtained as follows:
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FIGURE 1 — Selection ratio vs. number of address lines that are

multiplexed; when the select voltage is modulated during g time intervals
to display gray shades. The selection ratio decreases with an increase in
the number of bits (g), i.e., with the number of gray shades. The g =1
corresponds to the case of a bi-level display and the selection ratio is

[N + 1)/(/N = 1)]"2, the maximum that is achievable in passive-matrix
LCDSA

Table 1 shows N, of this technique for several values
of g. A higher N, implies a lower selection ratio. The N,
will be equal to N for the techniques with the maximum
selection ratio. N is helpful in selecting the liquid-crystal
mixture for passive-matrix displays. A higher N, demands
mixtures with steeper electro-optic characteristics. For exam-
ple, almost double the number of lines can be multiplexed
using the standard technique with the maximum selection
ratio compared to the technique of modulating select pulses
when g = 6 because Neq is twice N as shown in the table. The
supply voltage of this technique is obtained by equating the
rms voltage across the OFF pixels to the threshold voltage
of the electro-optic characteristics of LCDs.

2gN\/ (28+1)- 2\/3gz\7(2g -1)

gN\/(Qg +1)

TABLE 1T — N, vs g, the number of bits of gray shade.

Vorr = Ve

=V, (10)

Number of bits of gray - (28 +1).g.N [ N,-N 100 ]
shade ¢4 328 -1) N

1 1 0
2 (10/9) 1.1
3 ) 28.6
4 (68/45) 51.1
5 (55/31) 774
6 (130/63) 100.3
7 (301/127) 1377
8 (20567768) 1683
12 (16388/4095) 30022
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The supply voltage of the driver circuit (V) increases
with g, the number of bits of gray shades as shown in Fig. 2.
A low selection ratio and high supply voltage are the two
disadvantages of this technique. Hence, modulating the
select pulses is not a good approach for displaying gray
shades; especially when the number of gray shades is more
than eight, i.e., g > 8. A low supply voltage that is inde-
pendent of g for practical values of N can be achieved by
modulating the data voltages rather than the select voltage.
The resulting supply voltage is about the same as the line-
by-line addressing for bi-level displays (i.e., g = 1, with pix-
els driven to either ON or OFF states) as shown in the next
section.

6  Gray shades by modulating the data voltages

The amplitude of the data voltages is small by a factor VN
compared to the select voltage because V,/V,. = VN; the am-
plitude of the data voltages will be smaller than the select
voltage even when g is large, except when just a few lines are
multiplexed. Hence, the supply of the driver circuit will not
increase with g as evident from the analysis presented here.
Energy delivered to a pixel when the amplitude of the data
voltages is modulated according to the bit used during that
time interval is
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It can be shown that it is equal to the expression in Eq.
(6), the selection ratio when the amplitude of the select
pulse is modulated depending on the bit used for scanning
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FIGURE 2 — A comparison of supply voltages vs. the number of lines
that are multiplexed. The dotted line gives the supply voltage of the
bi-level technique without gray-shade capability. Supply voltage
increases drastically with g, the number of bits of gray-shade when the
row pulse (select voltage) is modulated to display gray shades. This is in
contrast to the negligible variation in the supply voltage with the number
of bits (except for very low values) as shown by the set of gray curves
that overlap each other and also lower than that of the bi-level display.
Supply voltage is lower than that of the bi-level display in the data
modulation technique because the selection ratio is lower than the
maximum value of [VN + 1)/&/N = 1)]/2.

the display. The supply voltage of the driver circuit is deter-
mined as before:

Z(\/3—g (2% - 1)V —3(2% -1) (2% - 1)1\7)
3gNA[3¢ =V (7)

2V, for N < (302% (4(2% ‘1)))'
2V, for N (3g22g /(42 - 1)))

For all practical purposes, the supply voltage is deter-
mined by V, and not by (21-1V,), i.e., when the value of N is
greater than g. The supply voltage is marginally lower than
that of the line-by-line addressing for displaying just two
shades (i.e., pixels are either ON or OFF) as evident from
the plot in Fig. 2. Hence, modulating the data voltages is a
better approach than modulating the select pulse when a
lower selection ratio is acceptable. However, it is preferable
to have a higher selection ratio especially when the matrix
display has a large number of rows and columns and the
successive approximation technique achieves the maximum
selection ratio as will be described in the next section.

Vorr =V,

TABLE 2 — Equivalent number of address lines, i.e., Neg = {38228/ [4(2%8
— 11} vs. g when the peak amplitude of the select (row) and data
(column) voltages are equal.

g 1 2 3 4 5 6 7 8

2
3g22% | 1 8, |16, |26, [1280_, [2048 . [28622 | 11072
202% ) 5 7 85 341 455 5461 2184

<7
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7  Successive approximation techniques (SAT)

The successive approximation technique achieves the maxi-
mum selection ratio of [(VN + 1)/(VN — 1)]/2 by selecting
address lines (row) with multiple voltages, with each voltage
corresponding to a bit of the gray-shade data.®10 The ampli-
tude of the select pulse is (V2)iV, and it corresponds to bit-i
of the gray-shade data. Data voltages of +(\2 )iV, are applied
during this time interval; the sign of the data voltage is the
same as that of the select voltage when the bit-i is logic-0
and opposite to that of the select voltage when the bit-i is
logic-1. The remainder of the N — 1 address lines in a matrix
display with N scanning lines (or rows) are held at ground
potential. Addressing is completed when all the address
lines in the matrix display are selected with voltages corre-
sponding to all the bits, i.e., g voltages for displaying 28 gray
shades. The life of the display is reduced if dc voltages are
applied to the pixels. The sign of the select voltage is reversed
periodically to ensure de-free waveforms across the pixels.
The display is refreshed continuously by repeating this
cycle. The number of voltages is 2¢ + 1 and 2¢ in the scan-
ning and data waveforms, respectively. However, at any given
instant of time just two voltages are applied to the address lines
(electrodes) or the data lines. They are as follows:

e One of the select voltages to an address line (row).

e Non-select voltage to the remainder of N — 1 address
lines.

e Data voltage that has the same polarity as the select
voltage when the gray-shade bit of the pixel in the
selected row is logic 0.

e Data voltage that has the opposite sign compared to
the select voltage when the data bit of the pixel in
the select address line is logic-1.

Hence, the simple drivers that are used in an alphanu-
meric display can be used along with four g:1 analog multi-
plexers that are external to the display as shown in Figs. 3
and 4. It is adequate to have the row and column drivers that
are capable of applying one of the two voltages in the inter-
nal bus as shown in the figures. The supply voltage of this
technique increases with the number of gray shades.10 It is
about twice that of the bi-level (pixels are driven to either

Data Shit |
register
Shift clock

% 1
Latch
Latch pulse
1
0

Rowx Row; Row;

Select
lines

FIGURE 3 — Row drivers of alphanumeric displays can be used to
display a large number (256) of gray shades by incorporating two 8:1
and a 2:1 analog multiplexer when the successive approximation
technique that is based on line-by-line addressing is used to drive the
LCDs.

S D: = =
+8VZV, ——] Polarity _——] Shift > Shift Shift
+8V, ——| register register register

2V, —] Shift clock
+HV,— 81 1 1
+2\2V,—— Mux
3 Latch Latch
° Latch pulse
¢ 1
2:1 21
Mux Mux

Columny Column, Column,

FIGURE 4 — Column drivers of alphanumeric displays can be used to
display a large number (256) of gray shades by incorporating two 8:1
analog multiplexers when the successive approximation technique that
is based on line-by-line addressing is used to drive the LCDs.

ON or OFF state) displays when the number of gray shades
is 256. However it is lower than the case when just the row
pulses are modulated as shown in Fig. 5. The supply voltage
can be reduced by shifting both the select and data voltages
in a polarity so that peak-to-peak voltage in the modified
waveforms is confined within the peak-to-peak voltages of
the other polarity. This technique is similar to that proposed
by Kawakami et al.!1 and is based on the fact that the maxi-
mum voltage across a pixel is proportional to 22V, + V),
whereas the peak-to-peak voltage of the select waveforms is
proportional to 2[22)(V,)]. About 50% reduction in supply
voltage can be achieved by this method when N is large. The
supply voltage can also be reduced if the successive approxi-
mation is implemented with multi-line addressing.9 The
supply voltage of the drivers decreases with an increase in
the number of lines that are selected simultaneously. Advan-
tages of a higher duty cycle associated with multi-line
addressing can be obtained at the cost of increasing the
number of voltages in the data drivers to s + 1 when s
address lines are selected simultaneously.

20 T T T
---- g=1; ON & OFF
15+ 2=2; 4 shades .
2=3; 8 shades
—— g=4; 16 shades
R 1 — g=5;32 shades ||
% — g=6; 64 shades
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220
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T e
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>VJ
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Number of address lines (N)

FIGURE 5 — Comparison of supply voltage of the successive
approximation (SA) technique with that of row pulse modulation (RPM)
for several values of g. Supply voltage of successive approximation
technique is lower than that of row pulse modulation for practical values
(N> g) of N.
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8 Salient features of successive approximation

The salient features of successive approximation techniques
are as follows:

1. Hardware complexity of the drivers does notincrease
linearly with the number of gray shades.

2. Drivers that are capable of applying just two volt-
ages (at a given instant of time) are adequate even
when a large number of gray shades are to be dis-
played. Hence, the hardware complexity is about
the same as that of simple alphanumeric displays
that are capable of driving the pixels to just two
states (either ON or OFF).

3. A few multiplexers that are common to the drivers
are adequate to increase the number of gray
shades from two to any large number (e.g., 256 or
more).

4. The number of time intervals increases by a factor
f = logy (number of gray shades). Increase in the
number of time intervals is small compared to the
number of gray shades.

5. A flicker-free display is feasible even when a large
number of gray shades are displayed.

6. The supply voltage can be reduced either by apply-
ing voltage transformations similar to that pro-
posed by Kawakami et al. Hor by using multi-line
addressing.

The supply voltage of the drive electronics increases
with the number of bits of gray shades. A successive approxi-
mation technique with multi-line addressing9 can reduce
the supply voltage of the drive electronics. However, the
main advantage, viz., extremely simple row and column
drivers, will be lost because the row drivers will have to
switch three voltages as compared to two for line-by-line
addressing. Hence, row drivers will need a two-bit shift reg-
ister, two-bit latch, and 3:1 analog multiplexer for each row
of the display. Hardware complexity of the column drivers
will depend on the number of address lines (rows) that are
selected simultaneously. Data waveforms will have s + 1
voltages at a given instant of time when s address lines are
selected simultaneously. For example, a three-bit shift reg-
ister, three-bit latch, and 8:1 analog multiplexer is necessary
for each column in the display when s ranges from 4 to 7. In
summary, the hardware complexity of the multi-line succes-
sive approximation technique is the same as that of the
multi-line addressing techniques for displaying bi-level
images with pixels driven to either the ON or OFF state. An
alternate approach is the wavelet-based techniques and salient
features of the technique that are presented in the following
section.

9  Wavelet-based addressing techniques (WAT)
Each address line in a matrix display can also be selected
with a set of wavelets for displaying gray shades.'2 Each
wavelet has an energy that is proportional to a bit of the

gray-shade data. The number of time intervals will be sum
of the time intervals of all the wavelets if the rows are
sequentially selected with wavelets. It can be reduced by
simultaneous selection of a few address lines with the wav-
elets. Then it is necessary to have orthogonal wavelets to
avoid the crosstalk that will manifest as brightness non-uni-
formity among pixels that are driven to the same state. The
hardware complexity of the drivers will increase as a func-
tion of the number of wavelets that are simultaneously used
to select the address lines. An orthogonal matrix is con-
structed using the orthogonal wavelets by taking this factor
into consideration. Scanning the matrix display is similar to
any other multi-line addressing as described briefly in this
section. A detailed description of the technique can be
found in Refs. 12-15. The columns of the orthogonal matrix
of wavelets are called the select vectors. The address lines
(rows) of the matrix display are selected with voltages that
are proportional to the elements of a select vector. A data
vector is constructed using the bits that correspond to the
wavelets that are used at that instant of time to select the
address lines. The voltage applied to the data electrodes is
proportional to the dot product of the select and data vec-
tors.12-14 A cycle is complete when all the sets of address
lines are selected with all the select vectors and their rotated
versions to ensure that each address line has been selected
with all the wavelets once. The display is refreshed continu-
ously by repeating this cycle at a rate that is fast enough to
eliminate flicker in the display.

A technique for displaying 64 gray shades using inte-
ger wavelets was demonstrated.!3 We have shown that driv-
ers that are capable of applying one out of four voltages to
the rows and one out of eight voltages to the columns are
adequate when a few analog multiplexers are used to select
the voltages that are to be connected to the drivers depend-
ing on the select vector.1314 The same hardware (drivers
and the controller) can be used to display 128 gray shades if
the integer constraint is not imposed. Typical row and col-
umn driver circuits for the wavelet-based techniques are
shown in Figs. 6 and 7, respectively. Some simple modifica-
tions in the VHDL code of the controller and a new voltage-

Data — Shift register Tt T Shift register T
Shift clock [

I—IIEI 'I:izj
Latch [ Latch

Latch pulse

4:1 4:1
Mux| o Mux| T
3 Select Rowy Row; Row,;

inputs

FIGURE 6 — Typical row driver circuit (for displaying 64 gray shades)
of the wavelet-based addressing technique. Majority of the circuit, i.e.,
the shift registers, latches, and the 4:1 analog multiplexers (shown inside
a box) remain unaltered when 8-128 gray shades are displayed by
selecting three rows at a given instant of time. The multiplexers (on the
left-hand side) that are connected to the voltage bus are the part of the
driver circuit that changes with the number of gray shades to be
displayed.
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Columny Column; Column,

Select
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FIGURE 7 — Typical column-driver circuit (for displaying 64 gray
shades) of the wavelet-based addressing technique. Majority of the
circuit, i.e., the shift registers, latches and the 8:1 analog multiplexers
(shown inside a box) remain unaltered when 8-128 gray shades are
displayed by selecting three rows at a given instant of time. The
multiplexers (on the left-hand side) that are connected to the voltage bus
and their input from the voltage-level generator depend on the number
of gray shades to be displayed.

level generator is adequate to display 8-128 gray shades
without any change in the hardware complexity of the driv-
ers. An example of an orthogonal matrix for displaying 64
gray shades that was constructed using integer wavelets is
shown in the following equation:
+4 +4 +4 +4 -4 -4 -4 4
+2 42 =2 -2 0 0 0 0
0O 0 0 0 +4 +4 -4 -4\
+4 -4 +1 -1 42 -2 0 O

(19)

A non-integer orthogonal matrix for displaying 128
gray shades is shown in the following equation:
+4 44 +4 4 4 4 4 4
2 +2 2 -2 0 0 0 0
o 0 0 0 +4 +4 4 -4
-4 41 -1 42 -2 2 -2

(20)

Integer wavelets (and transforms) are preferred to reduce
computations in digital signal processing. However, it is not
necessary when wavelets are applied to scan matrix LCDs.
We have shown that it is not necessary to compute the dot
product, and hence wavelets with non-integer elements can
also be used without increasing the hardware complexity of
the drivers as well as the controller.!4 An example of an
orthogonal matrix that is based on slant wavelets with non-
integer elements is shown in the following equation:

+4 —4 +4 -4 +4 —4
+2J6 0 0 0 -246 0

0 4243 0 0 0 =23 1)
+2 o+ 22 2 +2 41

Wavelets are well suited for multi-line addressing
wherein several address lines are selected simultaneously. It
is also possible to use wavelets and scan the display by selecting
one address line at a time.1?

10  Choice and assignment of wavelets

Simple and easy to generate wavelets are adequate because
they are used to multiplex and deliver energies correspond-
ing to the bits of gray shade. LCDs are less sensitive to the
shape of the waveforms because they are slow-responding
devices and exhibit rms response. The dc-free wavelets are
preferred in order to ensure dc-free waveforms across the
pixels with a minimum number of time intervals. Energy
delivered by a pulse is Ej 5. = V2T; it is directly propor-
tional to the square of its amplitude and the duration of the
pulse. The amplitude is varied while maintaining a constant
width of the pulses in the successive approximation technique.
Hence, the supply voltage of the driver circuit increases
with the number of gray shades. This is in contrast to frame
modulation and pulse-width modulation where the number
of time intervals increases with the number of gray shades
while maintaining constant amplitude. The supply voltage
of the driver circuit can be reduced if both the amplitude
and duration of the pulse is varied. Orthogonal wavelets are
the natural choice for varying the amplitude as well as the
duration of the pulses. A wavelet with more time intervals is
better suited for delivering a large quantum of energy with
smaller amplitude compared to a narrow wavelet. Hence,
they are used for the more-significant bits. Similarly, a nar-
row wavelet is better suited for less-significant bits because
the quantum of energy to be delivered is small compared to
the more-significant bits. Another advantage of this approach
is that the hardware complexity of the drivers reduces
drastically. The number of non-zero elements in each of the
select vectors, i.e., columns of the orthogonal matrix, decides
the maximum number of voltages that are necessary at each
instant of time. Hence, limiting the number of non-zero
elements (z) in the columns of the orthogonal matrix to be
lower than a specified value will ensure that the maximum
number of voltages in the data waveforms for a select vector
does not exceed 27, i.e., at a given instant of time. A great
deal of flexibility exists in the construction of the orthogonal
matrix. For example, the rows in the orthogonal matrix
can range from three to seven as shown by the following
matrices:

+4 +4 +4 +4 4 -4 -4 —4
+4 +4 -4 -4 +2  +2 =2 =2/, (22)
+4 -4 42 -2 /2 -2 41 -1

[(+4 +4 +4 +4 -4 4 4 4
+2 +2 -2 -2 0 0 0 0
0 0 0 0 +4 +4 -4 -4
+4 -4 41 -1 42 -2 +2 V2]
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0 0 0 0 +2 +2 -2 -2| (24

0 0 0 0 +/2 =2 +1 -1

(25)

0 0 2 2 0 0 0 0
0 0 0 0 +/2 =2 0 0
0 0 0 0 0 0 +1 -1

A matrix of an order eight could be constructed by
splitting the wavelet in a row into two rows as shown below:

(+4 44 0 0 -4 —4 0 O
0 0 +4 +4 0 0 -4 -4
o 0 0 0 +2 +2 -2 =2

+4 +4 -4 —4

0 0 0
4 -4 0 0 0 0 0 0 (27)
0 0 42 2 0 0 0 0
0 0 0 0 +/2 =2 0 o0
00 0 0 0 0 +1 -1

Although the matrix is not orthogonal, the orthogonal
condition will be satisfied because the first row in matrix
(26) is split up into two rows and the same data, i.e., MSB,
will be used for the first and second rows of matrix (27). The
number of time intervals is of the order of N, depending on
the value of N/s. The number of rows in the orthogonal
matrix can be chosen such that N/s is an exact integer so that
the number of time intervals to complete scanning will be
exactly equal to the product of the number of select vectors
and N.

11 Salient features of WAT

Salient features of wavelet-based addressing techniques are
as follows.
1. Number of voltages in the data waveform is less
compared to that of amplitude modulation.

2. Number of time intervals is just SN, twice that of
amplitude modulation for a wide range (16-128) of
gray shades.

3. Number of time intervals is small compared to that
of frame modulation.

4. Hardware complexity does not increase linearly
with the number of gray shades.

5. Hardware complexities of the data drivers can be
reduced compared to amplitude modulation and
yet alarge number of gray shades can be displayed.

6. Hardware complexity of the row and the column
drivers can be controlled by the number of non-
zero elements in the select vectors.

7. Adriver that is capable of applying eight voltages is
adequate even when the number of gray shades is
128.

8. Itisnot necessary to compute the dot product even
though a wavelet transform is employed.

9. Voltages corresponding to the dot products are
generated in the voltage-level generator.

10. A few multiplexers are used to feed the voltages
corresponding to each select vector to the column
(data) drivers.

11. Hardware complexity of the controller can be reduced
by selecting the number of address lines in a group
to be an integer power of 2.

12. Hardware complexity of the drivers and the con-
troller does not depend on the type of wavelets
(integer or non-integer types).

13. Wavelets can be used to implement either multi-
line or line-by-line addressing techniques.

14. Supply voltage of the wavelet-based line-by-line
addressing technique can be reduced by modifying
the addressing waveforms.

15. Row drivers that are capable of applying one out of
two voltages and column drivers that are capable of
applying one out of eight voltages are adequate for
displaying 128 gray shades when the display is
scanned line by line using wavelets.

16. Number of time intervals to display 128 gray shades
is 8N in the wavelet-based line-by-line addressing
as compared to the 14N of successive approxima-
tion (including de-free operation).

FIGURE 8 — Photographs of the five prototypes of passive-matrix LCDs
that are capable of displaying 8-128 (from left to right) gray shades using
wavelets. Hardware complexity of the drive circuit is about the same for
all the prototypes.
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TABLE 3 — A summary of the driver circuits in the prototypes.

contribute to the success of energy multiplexing were
discussed in this article. Further research in this field will

Row-driver Column-driver External Controller
;Zs;gtfs ;:;ﬁ:dzz Digital type that | Digital type that analog (No. of macro
can apply can apply multiplexers cells)
Haar 8 1 of 4 voltages | 1 of 8 voltages Nil 111
Integer | (Multi-line)
Haar 16 1 of 4 voltages 1 of 8 voltages 2 x (4:1) and 102
Integer | (Multi-line) 5x(2:1)
Slant 32 1 of 4 voltages 1 of 8 voltages 10 x (4:1) and 113
(Multi-line) Ix (2:1)
Haar 64 1 of 4 voltages | 1 of 8 voltages 4x(8:1)and 84
Integer | (Multi-line) 8x(4:1)
Haar 128 10f2 voltages | 1 of 8 voltages 9 x(8:1) and 90
Non- (Line-by- 2% (4:1)
integer line)

Figure 8 shows a photograph of the prototypes that
display 8-128 gray shades, but the hardware complexity of
the drivers is same in all of them. The only difference is in
the VLG in the form of few resistors, few multiplexers to
connect the appropriate voltages to the drivers, and some
logic circuit in the controller. Table 3 gives the hardware
complexity of the driver circuit in these prototypes.

12  Conclusion

The first-generation addressing techniquesl*3 that were
proposed 2—4 decades ago were confined to alphanumeric
and graphic displays with the aim of driving the pixels either
to ON or OFF states. Some gray-shade capability was added
in the second-generation techniques4’5 by modifying the
addressing techniques that were primarily aimed at bi-level
displays. The third-generation addressing technique56*8
were aimed at displaying a large number of gray shades and
they have some drawbacks. The hardware complexity of the
data drivers is high6’7 or the selection ratio is low.5 Apart
from surmounting these problems, the fourth-generation
techniquesg’lo’m*w have low hardware complexity, some of
them having almost the same hardware complexity as that of
the bi-level displays, and this trend began with the eight-
level gray-shade technique.8 Successive approximation can
be incorporated into any bi-level display with a few minor
additions to the voltage generator and the controller. If a
high selection ratio is not important, then the gray shades
can be achieved even without any increase in supply voltage
by modulating the data voltages alone as discussed in this
paper. The wavelet-based addressing techniques have the
advantage of a lower supply voltage and have a smaller
number of time intervals to complete a cycle that is de-free.
Use of complex wavelets does not demand or any computa-
tions during the scanning of the display and this is in con-
trast to applications of wavelets in signal processing. The
concept of energy multiplexing has some similarity to “dis-
tributed arithmetic” in signal processing. The idea of energy
multiplexing is basic in nature and it can be universally
applied to all the addressing techniques including active-
matrix addressing. Some subtle but important points that

enhance the use of LCDs.
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