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Despite rapid advances in science and technology of liquid
crystal display (LCD); elimination of motion related artifacts
and preservation of color purity in moving images have
remained elusive because gray-scale to gray-scale response
time, i.e., time taken to switch pixels from one gray-scale to
another depends on the initial and final gray shades. A tech-
nique wherein gray scale to gray scale response times are less
dependent on the initial and final gray shades as compared to
other addressing techniques for driving matrix LCD is
reported. We also found that the response times are about the
same as that of a pixel driven with simple square waveforms
and therefore the effect of duty cycle due to matrix addressing
is minimal with distributed waveforms of this technique.
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METHOD TO OBTAIN UNIFORM
GRAYSCALE TO GRAYSCALE RESPONSE
TIMES IN LCDS AND A SYSTEM THEREOF

CROSS REFERENCE

[0001] This application claims a benefit of Indian Patent
Application No. 00636/CHE/2009, filed Mar. 20, 2009, the
contents of which are herein incorporated by reference.

TECHNICAL FIELD

[0002] Present invention relates to grayscale to grayscale
response times in liquid crystal displays (LCDs) i.e. the time
taken to switch pixels from one gray shade to another.
Response time depends on several factors; viz. liquid crystal
mixture, thickness of display cell, electro-optic effect, wave-
form across pixel etc. Color purity of pixels can be preserved
and motion related artifacts can be reduced if RGB sub-pixels
in displays switch at the same rate; i.e., if switching times are
independent of initial and final gray shades. Waveform (se-
quence of instantaneous voltages) across a pixel plays an
important role in determining its response times. Main objec-
tive of this work is to achieve uniform switching times with
multi-line addressing techniques like discrete cosine trans-
form, Haar functions, Walsh functions and wavelets based
techniques that are capable of displaying a large number of
gray shades without flicker.

BACKGROUND

[0003] Liquid crystal displays exhibit RMS (root-mean-
square) response when the period of addressing waveforms is
small as compared to response times of the display. However,
response of liquid crystal molecules to transitions in the
addressing waveform can be seen even though they are slow
to respond; especially when amplitude of transitions across
pixel is large. We studied the effect of scanning sequence (i.e.,
waveform) on response time. Scope to vary the scanning
sequence is limited for line-by-line addressing techniques.
On the other hand, multi-line addressing techniques have
high flexibility and it is possible to achieve the desired RMS
voltages across pixels with different waveforms depending on
the choice of scanning sequence i.e., the order of selecting
address lines with multiple select pulses of the addressing
waveforms.
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SUMMARY

[0025] Accordingly, the present invention provides a
method to obtain uniform gray scale to gray scale response
times in Liquid Crystal Displays (LCD) by using predeter-
mined select sequences in multiline addressing, said method
comprising acts of: selecting predetermined transform based
on gray shade data bits to form an orthogonal matrix wherein
each column in the matrix is select vector and each row is an
orthogonal function; grouping of scanning electrodes of
LCD, said group consisting of predetermined number of
rows; generating and applying voltages for data electrodes in
the group and applying voltages that are proportional to ele-
ments of the select vector to the scanning electrodes of the
matrix display; rotating rows of the orthogonal matrix and
choosing the corresponding data bit of the gray shade once,
followed by repeating step ‘c’ until every element in the
orthogonal matrix is used to select every row in the group; and
repeating step-c and d for every group in the LCD display; and
the present invention also provides a system to obtain uniform
gray scale to gray scale time response in Liquid Crystal Dis-
plays (LCD) by multiline addressing comprising: a matrix
liquid crystal display (LCD) to display image; a row driver to
drive the rows of the matrix LCD with row waveform; a
column driver to drive the columns of the matrix LCD with
column waveform; a voltage level generator to facilitate the
row driver and the column to generate desired waveforms,
and a controller to control the system for multiline address-
ing.

BRIEF DESCRIPTION OF DRAWINGS

[0026] FIG. 1 show select and data waveforms that are
based on MDCT for displaying eight gray shades in RMS
responding displays are shown in the figure. (a) to (c¢) are
select waveforms obtained by modifying the DCT; energies
ofthese waveforms are in the ratio 4:2:1. Data waveforms for
the grayscales (000) to (111) are (e) to (i) in the figure. Note
that waveforms (1),(k),(j) and (i) can be obtained by multiply-
ing the waveforms (e), (f), (g) and (h) respectively with -1
because the respective gray shade bits are compliment of each
other.

[0027] FIG. 2 shows typical waveforms when MDCT is
used to scan the display and select pulses are clustered.
[0028] FIG. 3 shows addressing waveforms when select
pulses are distributed (separated by at least seven time inter-
vals from each other). Row waveform appears at the top and
it is followed by column waveform. Waveform across a pixel
a pixel (third waveform) is the difference of the first and the
second waveforms.

[0029] FIG. 4 shows light transmission through a pixel
when the RMS voltage across a pixel is varied to display 8
gray shades with MDCT. Switching time (response time) is
about three cycles and it is independent of initial and final
gray shade.

[0030] FIG. 5 shows number of occurrences vs. percentage
deviation from the mean response time (in milliseconds)
when pixels are switched from one gray shade to another of a
pixel driven by (a) MDCT with distributed waveforms when
3 rows are selected simultaneously (b) with square wave-
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forms (¢) MDCT with clustered waveform 3-rows are
selected simultaneously (d) MDCT with two rows selected
simultaneously (e) line-by-line addressing technique that is
based on MDCT and (f) amplitude modulation technique [4].
[0031] FIG. 6 shows transmission of light through a pixel in
amatrix LCD when the pixel is switched from one gray shade
to another. Intensity of light falling on the detector to some
extent follows the instantaneous voltage across the pixel;
whereas the average light throughput depends on the RMS
voltage.

[0032] FIG. 7 shows transmission of light through a pixel
that is captured using a digital storage oscilloscope and the
plot of response time after filtering (moving average of data
captured during 20 ms) is shown as a line.

[0033] FIG. 8 shows transmission of light through a pixel
(above signal) when it is switched from one gray shade to
another by using 32-select pulses that are clustered (below
signal).

[0034] FIG. 9 shows transmission of light through a pixel
(above signal) when the scanning sequence is chosen to dis-
tribute all the select pulses in the addressing waveform (below
signal).

[0035] FIG. 10(a) shows number of occurrences of
response time vs response time in ms when the scanning
sequence has 32-select pulses clustered for wavelets.

[0036] FIG. 10(5) shows number of occurrences of
response time vs. response time in ms when 4 select pulses
i.e., elements of a column of a select vector are clustered and
such clusters are separated by 28 time intervals of non-select
voltage for LCDs using wavelets.

[0037] FIG. 10(c) shows number of occurrences of
response time vs. response time in ms when the cluster of
scanning pulses is obtained with 2-select vectors wherein
clusters are separated by 56 non-select time intervals for
LCDs using wavelets.

[0038] FIG. 10(d) shows number of occurrences of
response times when four select vectors and their rotated
version are used to obtain the clustering of select pulses that
are separated by applying non-select voltage during 112 time
intervals for LCDs using wavelets.

[0039] FIG. 10(e) shows number of occurrences of
response time vs. response time when rows are selected with
the orthogonal matrix with 3 rows obtained by eliminating the
zeros in (1). Here row waveforms have clusters of 12 select
pulses for LCDs using wavelets.

[0040] FIG.10(f) shows number of occurrences of response
times vs. response times for successive approximation tech-
nique based on line-by-line addressing for LCDs using wave-
lets.

[0041] FIG. 11 shows photograph of the prototype that can
display eight gray shades.

[0042] FIG. 12 shows three 2:1 multiplexers select 3-0f-6
voltages as inputs to the standard driver. The row driver
selects from 8 voltages at any time instant but the selection is
made from a total of 11 voltages at all times.

[0043] FIG. 13 shows drivers that are capable of applying
1-8 voltages are used along with eight 2:1 analog multiplexers
to generate and apply column (data) waveforms.

[0044] FIG. 14 shows RMS voltage across pixel vs. supply
voltage.

DETAILED DESCRIPTION
[0045] The primary embodiment of the present invention is

a method to obtain uniform gray scale to gray scale response
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times in Liquid Crystal Displays (LCD) by using appropriate
select sequences in multiline addressing, said method com-
prising acts of: selecting predetermined transform based on
gray shade data bits to form an orthogonal matrix wherein
each column in the matrix is select vector and each row is an
orthogonal function; grouping of scanning electrodes of
LCD, said group consisting of predetermined number of
rows; generating and applying voltages for data electrodes in
the group and applying voltages that are proportional to ele-
ments of the select vector to the scanning electrodes of the
matrix display; rotating rows of the orthogonal matrix and
choosing the corresponding data bit of the gray shade once,
followed by repeating step ‘c’ until every element in the
orthogonal matrix is used to select every row in the group; and
repeating step-c and d for every group in the LCD display.
[0046] In yet another embodiment the transform used to
form modified orthogonal matrix is from a group comprising
discrete cosine transforms (DCT), wavelets, Haar functions,
Walsh functions.

[0047] In still another embodiment rows of the LCD dis-
play other than the selected group of rows are maintained at
ground potential.

[0048] In still another embodiment number of voltages in
the select waveform and the column waveform determines
amount of gray shades of the display matrix.

[0049] In still another embodiment the amount of gray
shades increases with increase in the number of voltages in
the row waveform and the column waveform.

[0050] Instill another embodiment the data bits is assigned
with values ‘+1” and ‘-1 when the bit is logical ‘0’ and ‘1°
respectively.

[0051] In still another embodiment the rows of the matrix
LCD display are DC free.

[0052] In still another embodiment the energy delivered to
pixel of the LCD display is proportional to gray shade bit.
[0053] Another embodiment of the present invention is a
system to obtain uniform gray scale to gray scale time
response in Liquid Crystal Displays (LCD) by multiline
addressing comprising: a matrix liquid crystal display (LCD)
to display image; a row driver to drive the rows of the matrix
LCD with row waveform; a column driver to drive the col-
umns of the matrix LCD with column waveform; a voltage
level generator to facilitate the row driver and the column to
generate desired waveforms, and a controller to control the
system for multiline addressing.

[0054] Inyet another embodiment of the present invention
the row drivers select a final voltage from the group of input
voltages to drive rows of the display.

[0055] Instill another embodiment of the present invention
the column drivers select a final voltage from the group of
input voltages to drive columns of the display.

[0056] Instill another embodiment of the present invention
the row and column driver comprises of shift registers and
latches to select the final voltage.

[0057] Instill another embodiment of the present invention
the voltage selectors are preferably analog multiplexers.
[0058] Instill another embodiment of the present invention
the row voltage selectors and the column voltage selectors are
common to the entire row drivers and column drivers respec-
tively.

[0059] Instill another embodiment of the present invention
the controller sends control signals to the voltage selectors
and the drivers to scan the display.
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[0060] Instill another embodiment of the present invention
the controller comprises of counters to generate address of
pixels.

[0061] Passive matrix type liquid crystal display (LCD) are
used in cell phones, MP3 players and other portable gadgets
because they have simple structure and cost less as compared
to active matrix displays with a thin film transistor (non-linear
element) embedded in each pixel. LCD exhibit root-mean
square (RMS) response to the electric field when the period of
addressing waveforms is smaller than the time taken by liquid
crystal molecules to respond and orient to the time variant
electric field. Pixels in each row of a matrix display are
connected together to a row address line (scanning line) so
that they can be selected simultaneously with a select pulse or
awaveform. Similarly, a column address line (data line) con-
nects all the pixels in that column to multiplex data assigned
to the state of pixels in that column. Hence, each pixel in a
matrix display can be uniquely addressed with a scanning line
and a data line. Scanning waveforms are equivalent to “car-
riers” and the data waveforms are equivalent to “multiplexed
signal” in a communication system. Orthogonal functions are
used to multiplex and de-multiplex the state of pixels in all the
addressing techniques for driving passive matrix displays
[1]-[11].

[0062] Intrinsic non-linear electro-optic characteristic of
LCD is useful to de-multiplex or decode the multiplexed
signal. Amplitude of scanning and data waveforms is opti-
mized to obtain good contrast in the display [1]-[2]. Response
times depend on the liquid crystal mixture, cell gap (thickness
of'the liquid crystal layer in the display), waveform across the
pixel as well as the initial and final grayscales [3]. Rectangu-
lar block pulses [1], [2] Rademacher functions [4], Hadamard
matrices [5], Walsh functions [6], and wavelets [7]-[10] are
used to drive passive matrix displays. Response times have a
wide range depending on the initial and final gray shades in
displays driven with most of the addressing techniques [8]-
[11].

[0063] Discrete cosine transform (DCT) is well known for
its high-energy compaction ratio and the possibility of using
DCT to drive matrix LCD has been demonstrated [12]. We
have used discrete cosine transform (DCT) with some minor
modification to drive matrix LCD and the gray scale to gray
scale response times are more uniform as compared to any
other addressing technique to date. Hence, fast moving
objects can be displayed with less visual artifacts because all
pixels will switch more or less simultaneously during transi-
tions from one frame to another. Similarly, color purity will be
better when the color sub-pixels switch simultaneously.

Discrete Cosine Transform

[0064] Discrete cosine transform is a subset of discrete
Fourier transform. A function is expressed as a sum of cosine
functions of several frequencies in discrete cosine transform
(DCT) as compared to using sine and cosine functions of
several frequencies in discrete Fourier transform (DFT). A
DCT of a signal s(n) is obtained as follows:

7r(2n+1)k] ey

N-1
CTk) = c(k)z s(n)Cos( N

n=0
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-continued

[1
Wherein: ¢(0) =,/ — and
N
[2
cky=,{— forl<k=N-1.
N

DCT can also be represented in to a matrix; an orthogonal
matrix of order 4 that is based on the expression in (1) is
shown in the following equation.

1 1 1 1 @
2 2 2 2

2 109238 03827 —0.3827 —0.9238

V4107071 07071 —0.7071 0.7071

0.3827 -0.9238 0.9238 -0.3827

[0065] The technique is demonstrated by displaying 8 gray
shades and it is adequate to have three discrete functions to
multiplex the three bits of gray shades that are necessary to
represent the 8 gray shades. Although any 3 of the 4 rows of
the orthogonal matrix in equation (2) could be used to multi-
plex the three bits; we have chosen the last 3 rows since they
are DC free. Hence, a DC free operation can be achieved
within a scan i.e., 4N time intervals instead of 8N time inter-
vals that will be necessary if the 1 row is used for scanning
the display. A 3x4 orthogonal matrix that is a subset of the
DCT matrix of order 4 is shown in equation 3.

0.7071 -0.7071 -0.7071 0.7071

0.9238 0.3827 -0.3827 -0.9238 3)
\0.3827 —-0.9238 0.9238 —0.3827\

[0066] Rows ofthe orthogonal matrix are suitably scaled so
that the energies of the corresponding waveforms correspond
to the bit weight of the gray shade data. The modified orthogo-
nal matrix is given by

1 -1 -1 1 @
\0.9238 0.3827 -0.3827 -0.9238 \
0.2706 -0.6532 0.6532 -0.2706
[0067] Here, the energy of the waveform corresponding to

the first row is
124(=1)2+(-1)%+1°=4. )]

Similarly, the energy of the waveforms corresponding to the
second and the third rows are as follows:

2(0.9238)?+2(0.3827)>=2 (6)
2(0.2706)?+2(~0.65322)=1 Q)
[0068] The waveform corresponding to the first row is used

to multiplex the most significant bit because it has the highest
energy. Waveforms corresponding to rows 2 and 3 are used to
multiplex the next significant bit and the least significant bit
respectively.
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[0069] The gray shade bits are assigned either +1 or -1
depending on the logic value of the bit as shown in equation

4).

+1 V¥ Logic—-0 (8)
diij = { . }
-1 V¥V Logic-1
Technique and Analysis:
[0070] The set of orthogonal Chebyshev polynomials

T",(m), form the basis vector elements of DCT [12].

2 Qm+lken )
Cm) = — oS ————

fork=1,2,... ,(M-1)and
m=0,1,... ,(M-1).

[0071]
sequence X(m); m=0,1, . .
follows:

Discrete cosine transform [11] of a discrete data
. (M-1) is defined [13], [14] as

bk "

5 M-l
G k)= w Z X(m)-cos( o
m=0

wherein: m =0, 1, ... ,(M —1) and
k=1,2,... ,(M-1)

[0072] Amplitude of each polynomial I',(m) is multiplied
by (V2)*~Y so that the energy of each function is proportional
to the weight of a grayscale bit (bit-k) of pixels in a matrix
display. The modified polynomials also satisfy the orthogonal
condition as shown in (11).

Ml . . M for k=1 an
3V T rim = { >
m=0 for k £1

[0073] Let us consider a matrix display with N rows and

arbitrary number of column. Each column is independent of
the other if we multiplex the information through column
address lines. Let the rows: (i+1), (i+2), . . . ,i+M-1) be
selected simultaneously with (M-1) waveforms of (12).

X"V W2 TRlm); k=12, . M-1) (12)

[0074] The remaining (N-M+1) non-selected rows in the
matrix display are connected to ground potential i.e. (V,=0).
Letd, , ;; k=1,2,...,(M-1) be the grayscale bit of pixels that
are located at the intersection of selected rows and column “”
and let the data assigned to them be d,,, ,=+1 for ‘logic-0" and
dy,.=—1 for ‘logic-1". Select waveform of row: (i+k) is mul-
tiplied with data assigned to the bit-k of a pixel in row (i+k)
and (M+1) such products are added to obtain the column

(data) waveforms as shown in (13).
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M-1 ) (13)
yjm)= VCZ deirnV2) Tem)

k=1

[0075] Here, the least significant bit (LSB) is used for the
row: (i+1) and the most significant bit is used for the row:
(1+M-1) and the intermediate bits for the (M-3) selected
rows. It is equivalent to modified discrete cosine transform
(MDCT) of just one bit of gray shade of pixels in the selected
rows. The terms V, and V_are used to control the amplitude of
row and column waveforms respectively to achieve good
contrast in the display. Both the row and column waveforms
are applied to the matrix display and information in the mul-
tiplexed column waveform is decoded using the intrinsic
non-linear characteristics of RMS responding devices like
LCD. Typical waveforms when 3-rows are selected simulta-
neously to display 8-grayscales are shown in FIG. 1. Let the
duration of each time interval be T. Waveform across the pixel
is the difference of (12) and (13) and energy delivered during
M-time intervals to a pixel located at the intersection of row:
i+] and a column is:

M-1 Vr(ﬁ)lilrl(m) - (4

Epym)=T =1 k-1
ed| Ve /Zf (V2 T

[0076] Orthogonal property of select waveforms is used to
simplify the expression to:

By =TV, 22502V d,, pV 2(2M71-1)) 15

[0077] The second term in (15) depends on the grayscale
bit; whereas the first and last terms are independent of the data
bit. Hence the energy delivered to the pixel during the M time
intervals is proportional gray shade bit. The constant term of
(15) will not affect de-multiplexing because it is possible to
accumulate some voltage even across an OFF pixel. Electro-
optic response of liquid crystal displays has a threshold volt-
age and the pixels will not respond voltages below the thresh-
old voltage. Waveforms applied to columns will appear across
pixels in non-selected rows that are connected to the ground
potential because it is not possible to isolate non-selected
pixels in passive matrix LCD due to its simple structure.
Energy delivered to a pixel if it is not selected during M-time
intervals can be obtained by substituting V,=0 as follows:

M-1 b 2 (16)
B =T|Ve ) (V2 Tetmdii | =TQY ™ -V}
k=1

[0078] Energy delivered to the non-selected pixels is inde-
pendent of the data bits because the value assigned to the bits
is (z1) i.e. the magnitude of the voltages is same. It is clear
from the expressionin (17) that a cross talk free display can be
achieved when MDCT is used for addressing LCD because
the energy delivered to the non-selected pixels is independent
of state of the pixels in the selected row(s). An address cycle
gets completed when N rows in the matrix display are
selected with (M-1) -select waveforms once, i.e. when each
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row is selected with waveforms x,,(m); k=1,2, . . . ,(M-1).
The address duty cycle is higher by a factor (M-1) as com-
pared to that of the line-by-line addressing. Typical address-
ing waveforms are shown in FIG. 2. It is not necessary that N
should be an integral multiple of (M-1). In case N, the num-
ber of address lines is not an integral multiple of (M-1) then
the following scheme can be adopted. Let rows (i+1) wherein
I=1, 2, ... ,(M-1) be selected with waveforms that are pro-
portional to (V2)“"VT'(m) for M time intervals. Then the
select waveforms are shifted by one row so that rows (i+1+1)
where in1=1, 2, . . . ,(M-1) are selected with waveforms that
are proportional to: (v2)“ T (m) during M-time intervals.
An address cycle consists of N such shifts and the total dura-
tion is (M.N) time intervals and each row is selected during
(M-1).M time intervals. Energy delivered to the pixel during
(M-1)M-time intervals when the corresponding row is
selected with (M-1) discrete cosine functions is obtained by
adding the energy corresponding to each of the grayscale bit.

=

-1 (17

E; Ey;i(m)

\Js

g

=

-1
= EOV2 2, Vedy + QMY vy

M-1 18)
Eppo= @Y -0+ M -V = Y 2dyv, v,
=1

[0079]
during

Similarly, energy delivered to the pixel in row-i

N
M((M—l)_l)

time intervals when the corresponding row is not selected is
obtained as shown in (19) and (20).

N Mol oy 2 (19
(k—1)
Eiin == 1) E [v; i VD) Tm)
m=0 .

. @0)
Eijns= VE(% _ 1)1:21 @M _ 1)

—_y2 N (M-1)
_Vc(m—l)(M—l)(Z -1

[0080] Hence, energy delivered to a pixel when it is not
selected is independent of the data of the selected pixels.
RMS voltage across the pixel is given by:

Eijs+Ejns @b

Vpixet(RMS) = TN

22

M-1
QD —1)(V2 + NV2) = 5 2dV, Y,
Vyiet(RMS) = =

MN
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RMS voltage across a pixel when d,_;, =+1 V k=1,2 . . .
,(M-1) i.e. an OFF pixel is:

Vorr(RMS) = \/<2M*1—1)<v,2—2vrvc+1vvz> @3)
oFF( )= VN
[0081] Similarly, RMS voltage across a pixel when d,

1,/=1 VYV k=1,2... ,(M-1)is as follows.

@M=L —1)(V2 +2V,V, + NV2) 24

MN

Von (RMS) = \/

The selection ratio, ratio of the RMS voltages across the ON
pixel to that of the OFF pixel in this technique is a maximum
whenV,=vN.V_and itis same as the maximum achievable by
any addressing technique [11], [12].

@5

\/ﬁ+1
VN -1

VonRMS)
Vorr(RMS) ~

[0082] The technique was demonstrated by displaying
eight gray shades [12]. A photograph of a display system is
shown in FIG. 11. The driver circuit of passive matrix LCD
consists of row driver circuit, column driver circuit, voltage
level generator and the controller. Both row and column driv-
ers have analog multiplexers that select voltages to be applied
to the matrix display. The controller is implemented in a
CPLD (complex programmable logic device). The modified
DCT matrix for multiplexing 3-bits is as follows:

1 -1 -1 1
0.924 0383 -0.383 -0.924
0271 -0.653 0.653 -0.271

[0083] The MDCT for the finite set of data are computed
during the design stage and programmed into the VLG (volt-
age level generator; a resistor network) and therefore it is not
necessary to compute the MDCT while scanning the display.
Row waveforms have 11 voltages and drivers that are capable
of'applying 1 of the 11 voltages to the 32 rows are necessary
for direct implementation of the driver circuit. However, driv-
ers that are capable of applying 1-out-of-4 voltages are
adequate when four 4:1 analog multiplexers are used to feed
voltages corresponding to select vectors to the 32 stages of the
row drivers because just three select voltages and a non-select
voltage are applied to the matrix display at a given instant of
time. We have used “off-the-shelf” row drivers that are
capable of applying any one of eight voltages along with three
2:1 analog multiplexers that are common to all 32 stages of
the row driver board as shown in the FIG. 8. Similarly, display
drivers that are capable of applying one-out of eight voltages
is used as column drivers along with eight numbers of 2:1
analog multiplexers to apply any one of the sixteen voltages
because at a given instant of time just eight voltages need to be
applied as shown in the FIG. 9. The eight 2:1 analog multi-
plexers are common to all the stages of the column drivers.
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Additional information on hardware implementation of the
technique can be found in reference 12.

[0084] The display was refreshed at 50 Hz and the mini-
mum frequency to avoid flicker is 40 Hz. The display is not
optimized for response time and faster response times may be
achieved with other liquid crystal mixtures. Response times
were measured by applying row and column waveforms from
the prototypeto a cell filled with RO-TN-623 Thickness of the
cell was 5. 6 um. The controller in the prototype was pro-
grammed to switch the pixel to different gray shades and the
change in light transmission through the cell was captured
using a photo detector. The output of the photo detector was
acquired using a digital storage oscilloscope to measure the
response times.

[0085] There are several ways to scan the matrix display. A
subgroup may be selected with the all the select vectors
(columns of the orthogonal matrix) and rotated versions of
select vectors before selecting another subgroup leading to
clustering of select pulses as shown in FIG. 2. Alternately,
each subgroup can be selected with just one select vector and
it results in distributed select pulses shown in FI1G. 3. It is very
useful to suppress the frame response and to eliminate flicker
even with relatively low refresh rates as compared to the
clustered waveforms. The addressing technique with distrib-
uted select pulses of MDCT also achieves uniform response
times as shown in FIG. 4. Response times were measured by
switching the pixels from one gray to anther with distributed
waveforms shown in FIG. 3. Light transmission through a
pixel when it is switched from one gray scale to another is
shown in FIG. 4. Distribution of response times (28-rise times
and equal number of fall times) that were measured is shown
in FIG. 5(a). Response times of the same cell for several
variants of the technique and amplitude modulation for 8 gray
shades are also shown in FIG. 5(¢) to (f) for comparison. In
order to see the effect of addressing technique on response
times; we applied square waveforms (100 Hz) with their RMS
voltage equal to that of the eight gray shades in a matrix
display with 32 address lines; see FIG. 5(b). Response times
measured under this condition were about the same as that
obtained when the matrix display is multiplexed with distrib-
uted waveforms of MDCT. It is interesting to note that the
effect of duty cycle in the addressing waveform is not seen
when DCT is used because response times obtained with the
addressing waveforms are very close to the response times
when pixels are driven with continuous square waveforms
(without duty cycle). Hence the response times are not
affected by DCT based addressing waveforms. The technique
retains the advantages of multi-line addressing viz. higher
address duty factor, low supply voltage, and suppression of
frame response.

[0086] Modified Discrete Cosine Transform has paved way
to achieve uniform response times in passive matrix LCD
leading to elimination of motion related artifacts and better
color purity of images. It is also important to note that the
discrete cosine transform is used in compression techniques
for static as well as video images as shown by Lawrence et al
[15]. Column waveforms of multi-line addressing techniques
are proportional to the one-dimensional transform of images
and hence hardware and time that are necessary for decoding
the compressed images apart from elimination of the column
signal generator in the controller of multi-line addressing
technique. Aperture available for light transmission in a pixel
decreases as we increase the resolution of active matrix LCD
due to the space occupied by the thin film transistors at each
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pixel and driving the display by combining active and passive
matrix addressing as proposed by Kuijk et al [16]. Narrow
with increased resolution. If ‘s’ is number of lines that are
selected simultaneously then the number of thin film transis-
tors can be reduced by a factor s and this approach is very
useful for high resolution displays such as medical displays.
Relatively large amplitude of the passive addressing wave-
forms used for selecting s-rows will have the same effect as
the waveforms that are modified to improve the response time
of active matrix LCD [17]. Pulsed nature of the addressing
waveforms in waveforms of passive addressing is useful in
achieving uniform response times.

Wavelets based Addressing Technique:

[0087] Wavelets based addressing technique can display a
large number of gray shades without flicker. Hardware com-
plexity of display drivers and the supply voltage are low for
wavelets based multi-line addressing techniques. Wavelets
based addressing technique is described briefly with an
example. Waveforms derived from an orthogonal matrix
shown in (26) are used to display 64 gray shades in matrix
LCDs. Wavelets in the 1%, 27 and 37 rows are used to deliver
energies that are proportional to weight of gray shade bits ds,
d, and d, respectively; where as a combination of 3-wavelets
in 4” row are used to deliver energies that are proportional to
bits d;, d, and d, respectively. Here, ds is the most significant
bit and hence, it has eight non-zero elements. Wavelets cor-
responding to lower bits either have less number of elements
(for example row-3) or elements of lower amplitude as in the
case of row-2 and to some extent row-4.

+4 —4 +4 —4 +4 -4 +4 -4 (26)
0 +2 0 -2 0 +2 0 =2
+4 0 -4 0 +4 0 -4 0

+4 +1 -2 -1 -4 -1 +2 +1

Bits corresponding to each element of the orthogonal matrix
are shown in (27).

ds ds ds ds ds ds ds ds 27
0 dy 0 dp 0 dy O
dy 0 dy 0 dy 0 dy O
ds do dy do ds do dy do

[0088] A cycle of scanning is complete when each and
every group of rows in the matrix display is selected with
voltages (select pulses) that are proportional to each and every
element of the orthogonal matrix in (26). Data waveforms are
also applied simultaneously to columns of the matrix display
as described in reference 8. Some of the many possible
sequences of scanning the matrix display are described in the
next section.

Some Scanning Sequences

[0089] Rows in a matrix display are grouped so that each
group has a pre determined number of rows (four rows in our
example). Columns of the orthogonal matrix are called select
vectors because several rows in a matrix display are selected
simultaneously by applying voltages that are proportional to
the elements of select vector. A scanning cycle consists of
selecting each and every group of rows (in the display) with
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all select vectors in the orthogonal matrix and its rotated
versions once; i.e., 32-select vectors in our example. A few
possible select sequences are as follows:

[0090] Each group is selected sequentially with all the
select vectors and their rotated versions once and the
groups are also selected sequentially to complete a
cycle. The 32-select pulses are clustered together in our
example.

[0091] Each group is selected with any one select vector
and the groups are seclected sequentially one after
another. A cycle is complete when all the groups are
selected once with all the select vectors. Here, all the
32-select pulses are distributed without any clusters.

[0092] Each group is selected with a few select vectors
and the groups are selected sequentially till all the select
vectors are used to select the groups once. Select pulses
in the addressing waveforms will be partially clustered
and such clustered pulses are also distributed equally in
the addressing waveforms.

[0093] Inyet another approach; each group of rows can be
selected with a select vector and its rotated versions before
selecting other groups sequentially and a cycle is complete
when all the select vectors in the orthogonal matrix is used
once to select the groups. Here, there is a possibility of clus-
tering select pulses corresponding to different gray shade bits
and avoiding clusters of pulses of same bit in a systematic
manner. We have used this scanning sequence to achieve a
reasonably uniform gray scale to gray scale response times.

Measurement of Response Times

[0094] Liquid crystal displays exhibit RMS (root-mean-
square) response to the electric field when the period of
addressing waveforms is smaller than the time taken by the
molecules to reorient to the electric field. Hence, the period of
addressing waveforms of passive matrix LCD is chosen to be
smaller than the response time of the display to achieve RMS
response. Light transmission through a pixel (in a matrix
LCD) that was captured using a photo detector and a digital
storage oscilloscope is shown in FIG. 6.

[0095] Fluctuations in light transmission seen in the figure
are due to response of the liquid crystals to transitions in the
addressing waveform. We have used a moving average filter
to average the samples of detector output during a period o 20
ms (equal to the period of a frame i.e. time taken to address the
display once) to obtain a smooth response curve as shown in
FIG. 7. The moving average filter is also useful to eliminate
the interference from the power line frequency of 50 Hz. We
have used the conventional definition of response time and
measured the time taken for the light transmission to change
from 10% to 90% of the total change in light transmission
from one gray shade to another.

Effect of Select Sequence

[0096] Light transmission through a pixel in two extreme
cases of select sequences are shown in FIGS. 8 and 9 respec-
tively when a pixel is driven from one gray scale to another
with wavelets based addressing technique.

Clustered Pulses in Select Waveforms

[0097] Select pulses corresponding to eight columns of the
orthogonal matrix are clustered and subsequent 3-sets of
eight pulses are obtained by rotating the matrix vertically to
obtain clustered select pulses in the select (row) waveforms.
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For example; amplitude of select pulses for the first row is as
shown here: {4,-4,4,-4,4,-4,4,-4.0,2,0,-2,0,2,0,12,4,0,-4,
0,4,0,-4,0,4,1,-2,-1,-4, -1, 2,1} and the voltage will be 0
(non-select voltage) during 224 time intervals in a cycle of
256 time intervals. Distribution of response times is shown in
FIG. 10(a).

[0098] Response times range from 59 to 127 ms with a
mean of 78 ms and standard deviation of 14.16 ms. Spread in
response times is reduced with the select sequences described
next.

Small Cluster of Pulses by Rotation

[0099] We found that small cluster of pulses obtained by
rotating one or few select vectors that are separated by a
relatively long duration of non select voltage, are better way
from the point of response times. We have measured the
response times when 1, 2 and 4 select vectors and their rotated
versions are used to select the address lines. For example; the
select pulses are proportional to {4,0,4,4,-4,2,0,1} during 8
time intervals and it is followed by application of non-select
for a duration of 56 time intervals when two select vectors are
used to get the clustered pulses.

[0100] Results of response time measurements are shown
in FIGS. 10(b), 10(c) and 10(d) respectively. Response time
ranges from 35 to 107 ms with a mean of 68 ms and a standard
deviation of about 10 ms when one select vector is used for
clustering pulses.

[0101] Response times range from 46 to 100 ms with aver-
age response time of 68.5 ms and a standard deviation of 9.1
ms when two select vectors were used at a time to obtain the
clusters.

[0102] Response times range from 34 to 90 ms with an
average response time of 67.2 ms and standard deviation of 9
ms when 4 select vectors and their rotated versions are used to
get the cluster of select pulses.

[0103] The orthogonal matrix in (26) has eight zeros that
are introduced to reduce the hardware complexity of the
controller. At a given instant of just three rows are selected
even though the groups are formed with 4 rows. We have used
the following orthogonal matrix with just 3-rows to address
the matrix LCD and the result of the measurements is shown
in FIG. 10(e).
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[0104] Response times range from 42 to 99 ms with a mean
of'67.38 ms and a standard deviation 0of 9.3; which is not very
different from the measurements in FIG. 10(d).

Line-by-Line Addressing—Response Times

[0105] For the sake of comparison we have measured the
grayscale to grayscale response times when successive
approximation technique based on line-by-line addressing’ is
used to drive the display. Response times range from 67 to
145 ms with a mean of 82 ms and standard deviation of 11.8
as shown in FIG. 10(f). The average response time is high as
compared to the wavelets based technique wherein the duty
cycle of the addressing is 3-times that of line-by-line. Simi-
larly, the standard deviation of wavelets based addressing is 9
ms as compared to 11.8 of the successive approximation
based on line-by-line addressing.

Multi-Line Addressing—Response Times

[0106] Result of response time measurements of multi-line
successive approximation technique based on sparse matrix
that was presented in IDW’08° is shown here for the sake of
comparison. Here, seven rows are selected at a time and the
response times range from 45 to 74 ms with a mean of 61.44
ms and a standard deviation of 5.8 ms. All the measurements
presented in this paper were performed with TN-LCD having
5.4 um cell gap filled with RO-TN-623 at 25° C. with a frame
frequency of 50 Hz.

Implementation

[0107] The technique is demonstrated with a 32*32 matrix
twisted nematic (TN) LCD. Row waveforms have 11 voltage
levels, but it is adequate to have 3-select and a non-select
voltage at a time. Drivers that are capable of applying 1-of-4
voltages can be used to for applying the row waveforms. Off
the shelf driver that is capable of applying 1-0f-8 voltages is
used along with some multiplexers as shown in FIG. 12. Just
eight voltages out of 16 voltages are necessary at any time and
drivers that are capable of selecting 1-0f-8 voltages is used
along with eight 2:1 analog type multiplexers as shown in
FIG. 13. A photograph of the prototype is shown in FIG. 11.
Plots of RMS voltage across pixels that are driven to the eight
gray shades vs. the supply voltage of the drivers are shown in
FIG. 14. Light transmission through the pixel when the pixel
is switched from one grayscale to another is shown in the FIG.
4. Grayscale to grayscale response times of the display is
shown in Table 1. Note that the entries in upper-left triangle in
the table are rise times and those in lower-right triangle are the
fall times. It is important to note that the switching times of
the multiplexed display is almost same as that obtained by
driving the pixel with simple square waveforms having same

+4 —4 44 -4 44 -4 44 4 (28) RMS values. Hence, the response times are not affected if the
+4 42 -4 -2 +4 42 -4 -2 matrix is scanned with the discrete cosine function. Uniform
+4 +1 -2 -1 -4 -1 +2 +1 response times will improve the color purity of pixels in color
displays and eliminate motion related artifacts in moving
images.
TABLE 1
RMSvoltages 133V 137V 141V 145V 148V 152V 156V 159V
133V x 68  65(60) 68 64  65(58) 65  67(53)
(70) (61) (59) (57)
137V 68(70) X 67 64 62 62 64 65(55)
(67) (59) (59) (60) (54)
141V 60 (65) 66 X 60 61(58) 60 62 58(57)
(69) (64) (63) (57)
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TABLE I-continued
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RMSvoltages 133V 137V 141V 145V 148V 152V 156V 159V

145V 64(65) 62 64 X 60 58 60 60 (56)
(63) (66) (64) (60)  (58)

148V 63(64) 60 55 60 X 56 50 55(59)
(63) (62) (65) 65)  (57)

152V 60 (63) 60 58 56 60 X 60 52(61)
(60) (63) (64) (64 (61)

156V 64 (61) 65 60 58 56 62 55 (58)
(61) (61) (59 (7 (61)

159V 68 (60) 64 64 62 60 62 56 X

(63) (62) (61) (64) (63)

What is claimed is:

1. A method to obtain uniform gray scale to gray scale
response times in Liquid Crystal Displays (LCD) by using
predetermined select sequences in multiline addressing, said
method comprising acts of:

a. selecting predetermined transform based on gray shade
data bits to form orthogonal matrix wherein each col-
umn in the matrix is select vector and each row is a
orthogonal function;

b. grouping of scanning electrodes of LCD, said group
consisting of predetermined number of rows;

c. generating and applying voltages for data electrodes in
the group and applying voltages that are proportional to
elements of the select vector to the scanning electrodes
of the matrix display;

d. rotating rows of the orthogonal matrix and choosing the
corresponding data bit of the gray shade data matrix
once, followed by repeating step ‘c’ until every element
in the orthogonal matrix is used to select every row in the
group; and

e. repeating step-c and d for every group in the LCD dis-
play.

2. The method as claimed in claim 1, wherein the transform
used to form modified orthogonal matrix is from a group
comprising discrete cosine transforms (DCT), wavelets, Haar
functions, Walsh functions.

3. The method as claimed in claim 1, wherein rows of the
LCD display other than the selected group of rows are main-
tained at ground potential.

4. The method as claimed in claim 1, wherein number of
voltages in the select waveform and the column waveform
determines amount of gray shades of the display matrix.

5. The method as claimed in claim 1, wherein the amount of
gray shades increases with increase in the number of voltages
in the row waveform and the column waveform.

6. The method as claimed in claim 1, wherein the data bits
is assigned with values ‘+1” and ‘-1" when the bitis logical ‘0’
and ‘1’ respectively.

7. The method as claimed in claim 1, wherein the rows of
the matrix LCD display are DC free.

8. The method as claimed in claim 1, wherein the energy
delivered to pixel of the LCD display is proportional to gray
shade bit.

9. A system to obtain uniform gray scale to gray scale time
response in Liquid Crystal Displays (LCD) by multiline
addressing comprising:

a. a matrix liquid crystal display (LCD) to display image;

b. arow driver to drive the rows of the matrix LCD with row

waveform;

c. a column driver to drive the columns of the matrix LCD
with column waveform;
d. a voltage level generator to facilitate the row driver and
the column to generate desired waveforms, and
e. a controller to control the system for multiline address-
ing.
10. The system as claimed in claim 9, wherein the row
drivers select a final voltage from the group of input voltages
to drive rows of the display.

11. The system as claimed in claim 9, wherein the column
drivers select a final voltage from the group of input voltages
to drive columns of the display.

12. The system as claimed in claim 11, wherein the row and
column driver comprises of shift registers and latches to
select the final voltage.

13. The system as claimed in claim 9, wherein the voltage
selectors are preferably analog multiplexers.

14. The system as claimed in claims 9, wherein the row
voltage selectors and the column voltage selectors are com-
mon to the entire row drivers and column drivers respectively.

15. The system as claimed in claims 9, wherein the con-
troller sends control signals to the voltage selectors and the
drivers to scan the display.

16. The system as claimed in claims 9, wherein the con-
troller comprises of counters to generate address of pixels.
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