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(57) ABSTRACT 

A system and method to drive display matrix, comprising: a 
voltage level generator to provide predetermined voltages, a 
row voltage selector to select a group of voltages from the 
voltage level generator depending on select vector to drive 
row drivers, a column voltage selector to select a group of 
voltages from the voltage level generator depending on data 
vector to drive column drivers, and a controller to generate 
control signals to scan the display as dictated by addressing 
technique. 
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SYSTEM AND METHOD TO DRIVE DISPLAY 
MATRIX 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The ?eld of invention is related to reducing hardware com 

plexity of the display drivers using integer Wavelets by adding 
a feW analog multiplexers that are common to a large number 
of stages (one for each output) in the drivers. A simple con 
troller is implemented in a loW-cost complex programmable 
logic device (CPLD). Further, a large number of gray shades 
are displayed in RMS (root-mean-square) responding dis 
plays by using non-integer Wavelets. The technique is dem 
onstrated by displaying thirty-two and sixty-four gray shades 
in tWisted nematic liquid crystal displays (LCD). 

2. Description of the Prior Art 
Capability to display a large number of gray shades is 

desirable to increase the number of colors and to avoid gray 
scale contours in images. A larger number of gray shades can 
be displayed using amplitude modulation (T. N. Ruckmon 
gathan, Addressing Techniques for RMS Responding 
LCDs-A RevieW, Proc. Japan Display ’92, pp. 77-80, 1992), 
successive approximation (K. G. Panikumar and T. N. Ruck 
mongathan, Displaying Gray Shades in Passive Matrix LCDs 
Using Successive Approximation, Proceedings of the 7”’ 
Asian Symposium on Information Display (ASID-2002), pp. 
229-232, 2002) and Wavelet (T. N. Ruckmongathan, Nan 
ditha Rao P and Ankita Prasad, Wavelets for Displaying Gray 
Shades in LCDs, SID 05 Digest, 2005 Society for Informa 
tion Display International Symposium Digest of Technical 
papers, pp. 168-171, 2005) techniques. Several addressing 
techniques for displaying gray shades in RMS (root-mean 
square) responding matrix LCDs are revieWed in T. N. Ruck 
mongathan, “Displaying gray shades in liquid crystal dis 
plays”, Pramana Vol. 61, No. 2, pp. 313-329, 2003. A 
technique to display eight gray shades using Wavelets (T. N. 
Ruckmongathan, Nanditha Rao P and Ankita Prasad, Wave 
lets for Displaying Gray Shades in LCDs, SID 05 Digest, 
2005 Society for Information Display International Sympo 
sium Digest of Technical papers, pp. 168-171, 2005) Was 
presented in the Society for Information Display conference 
as a proof of the concept. A technique to achieve good reduc 
tion in hardWare complexity of the drive electronics (drivers 
as Well as the controller) When a large number of gray shades 
are displayed using integer Wavelets and other Wavelets is 
described here. 

SUMMARY OF THE INVENTION 

An objective of the invention is to develop a system to drive 
display matrix. 

Another objective of the invention is to ensure high quality 
images (cross-talk free) having good brightness uniformity 
among pixels that are driven to the same state. 

Yet another objective of the invention is to achieve sWitch 
ing times of the same order When pixels are sWitched from 
one arbitrary gray shade to another arbitrary gray shade. 

Another objective of the invention is to develop a voltage 
level generator to provide predetermined voltages. 

Still another objective of the invention is to develop a roW 
voltage selector to select a group of voltages from the voltage 
level generator depending on select vector as input voltages to 
feed to the bus bars of voltages in the roW drivers. 

Still another objective of the invention is to develop a 
column voltage selector to select a group of voltages from the 
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2 
voltage level generator depending on select vector as input 
voltages to feed to the bus bars of voltages in the column 
drivers. 

Still another objective of the invention is to develop a 
controller to generate control signals to scan the display as 
dictated by addressing technique. 

Yet another objective of the present invention is to develop 
a methodto reduce driver circuit hardWare for displaying gray 
shades. 
Another objective of the invention is choosing Wavelets 

based on gray shade data bits to form Wavelet matrix Wherein 
each column in the matrix is select vector and the number of 
roWs of the Wavelet matrix is not necessarily equal to the 
number of gray shade data bits. 

Still another objective of the invention is to choose the 
number of roWs in a group of scanning electrodes (and also 
the Wavelet matrix) to be a number that is equal to poWers of 
tWo (2, 4, 8, etc.) to facilitate address generation using the 
natural binary counter. 

Still another objective of the invention is grouping of scan 
ning electrodes based on number of roWs in the matrix and 
thereafter constructing data matrix by selecting the gray 
shade data bits corresponding to elements of the Wavelet 
matrix Wherein each column of the data matrix is a data 
vector. 

Still another objective of the invention is generating volt 
ages for data electrodes and thereby applying the select vector 
and the corresponding voltages for the data electrodes in the 
group. 

Still another objective of the invention is rotating roWs of 
the Wavelet matrix and the data matrix once, folloWed by 
scanning the matrix display With the rotated matrix until 
every roW of the Wavelet matrix and the data matrix takes 
position of ?rst roW in the respective matrix for displaying 
gray shades. 
The present invention is related to a system to drive display 

matrix, comprising: a voltage level generator to provide pre 
determined voltages that are based on Wavelets, a roW voltage 
selector to select a group of voltages from the voltage level 
generator depending on select vector as input voltages to the 
roW drivers, a column voltage selector to select a group of 
voltages from the voltage level generator depending on the 
select vector as input voltages to the column drivers, and a 
controller to generate control signals to scan the display as 
dictated by the addressing technique; and a method to reduce 
hardWare of drivers to display gray shades, the method com 
prising steps of: choosing Wavelets based on gray shade data 
bits to form a Wavelet matrix Wherein each column in the 
matrix is select vector and the number of roWs of the Wavelet 
matrix is not necessarily equal to the number of gray shade 
data bits, grouping of scanning electrodes based on number of 
roWs in the matrix and thereafter constructing data matrix by 
selecting the gray shade data bits corresponding to elements 
of the Wavelet matrix Wherein each column of the data matrix 
is a data vector, generating voltages for data electrodes and 
thereby applying the select vector and the corresponding 
voltages for the data electrodes in the group, and rotating roWs 
of the Wavelet matrix and the data matrix once, folloWed by 
repeating steps of scanning the display until every roW of the 
Wavelet matrix and the data matrix takes position of ?rst roW 
in the respective matrix for displaying gray shades. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 shoWs typical Waveforms When scanning of the 
matrix display is based on integer Wavelets. The scanning 
(roW) Waveforms have seven voltage levels and the data Wave 
forms have eighteen voltages. 
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FIG. 2 shows the fact that “just four voltages are necessary 
at a given instant of time” is used to reduce the hardware 
complexity of the roW drivers. A 2-bit shift register, 2-bit latch 
and a 4:1 analog multiplexer are adequate When four (8:1) 
analog multiplexers are common to all stages of the roW 
drivers (one per each address line) as compared to a 3-bit shift 
register, 3-bit latch and 8:1 analog multiplexers that are nec 
essary for each output of the roW drivers. 

FIG. 3 shoWs the fact that “just eight voltages or less are 
necessary at a given instant of time” is used to reduce the 
hardWare complexity of the column drivers. A 3-bit shift 
register, 3-bit latch and an 8:1 analog multiplexer are 
adequate When eight (4: 1) analog multiplexers are shared by 
all the stages of the column drivers as compared to having a 
5-bit shift register, a 5-bit latch and an (18:1) analog multi 
plexer for each output stage of the column (data) drivers. 

FIG. 4a shoWs a photograph of the prototype With sixty 
four gray shades being displayed using integer Wavelets. 

FIG. 4b shoWs a photograph of the prototype that is capable 
of displaying sixty-four gray shades using integer Wavelets. 

FIG. 5 shoWs typical roW (scanning) and column (data) 
Waveforms When sixty-four gray shades are displayed in a 
32x32 matrix LCD. Just half a cycle has been captured on the 
screen for the sake of clarity. 

FIG. 6 shoWs a typical Waveform across a pixel (roW Wave 
form minus the column Waveform) in the prototype of the 
display capable of displaying sixty-four gray shades. 

FIG. 7 shoWs a plot of supply voltage versus number of 
scanning electrodes to compare the successive approximation 
and Wavelet-based techniques. Supply voltage for the Wave 
let-based technique is plotted using the expression in (28). 

FIG. 8 shoWs a typical voltage level generator. 
FIG. 9 shoWs typical Waveforms When slant (non-integer) 

Wavelets are used to scan the RMS responding matrix dis 
plays. The scanning and the data Waveforms have nine and 
eighteen voltages respectively. 

FIG. 10 shoWs supply voltages of the technique based on 
slant Wavelets as compared With that of the successive 
approximation technique. 

FIG. 11 shoWs one stage (‘i’) of the roW drivers having 
(4: 1) analog multiplexer, 2-bit latches, and a stage of the 2-bit 
shift register (to shift in the data serially) is shoWn inside the 
box. TWo 4:1 analog multiplexers and a 2:1 analog multi 
plexer that are common to all the stages of the roW drivers are 
useful to reduce the hardWare complexity of the roW driver 
circuit. 

FIG. 12 shoWs drivers With 3-bit shift register, 3-bit latch 
and 8:1 analog multiplexers are used as the column drivers 
considering the fact that the number of voltages correspond 
ing to each select vector is either 8 or 4 although the number 
of voltages in the data (column) Waveforms is 24. Eight 4:1 
analog multiplexers that are common to all the stages of the 
data drivers are used to avoid using drivers With 5-bit shift 
register, 5-bit latch and 24:1 analog multiplexers. Input volt 
ages to the eight (4:1) multiplexers are normalized to V6. 

FIG. 13 shoWs photographs of a 32x32 matrix display that 
is capable of displaying thirty-tWo gray shades. 

FIG. 14 shoWs typical roW (scanning) and column (data) 
Waveforms When thirty-tWo gray shades are displayed in a 
32x32 matrix LCD. 

FIG. 15 shoWs a typical Waveform across a pixel (roW 
Waveform minus the column Waveform) in the prototype of 
the display capable of displaying thirty-tWo gray shades. 

DETAILED DESCRIPTION OF THE INVENTION 

The embodiment of the invention is a system to drive 
display matrix, comprising: a voltage level generator to pro 
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4 
vide predetermined voltages based on Wavelets, a roW voltage 
selector to select a group of voltages from the voltage level 
generator depending on select vector as input voltages to the 
roW drivers, a column voltage selector to select a group of 
voltages from the voltage level generator depending on the 
select vector as input voltages to the column drivers, and a 
controller to generate control signals to scan the display as 
dictated by the addressing technique. 

In yet another embodiment of the present invention, the 
roW drivers select a ?nal voltage from the group of input 
voltages to drive roWs of the display. 

In still another embodiment of the present invention, the 
column drivers select a ?nal voltage from the group of input 
voltages to drive columns of the display. 

In still another embodiment of the present invention, the 
roW and column driver is comprised of one stage of shift 
registers and latches to select the ?nal voltage. 

In still another embodiment of the present invention, the 
voltage selectors are preferably analog multiplexers. 

In still 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. 

In still another embodiment of the present invention, the 
controller sends control signals to the voltage selectors and 
the drivers to scan the display. 

In still another embodiment of the present invention, the 
controller comprises a binary counter to generate address of 
pixels. 

Another embodiment of the present invention is a method 
to reduce hardWare of roW and column drivers for displaying 
gray shades, the method comprising steps of: choosing Wave 
lets based on gray shade data bits to form a Wavelet matrix 
Wherein each column in the matrix is select vector and the 
number of roWs of the Wavelet matrix is not necessarily equal 
to the number of gray shade data bits, grouping of scanning 
electrodes based on number of roWs in the matrix and there 
after constructing data matrix by selecting the gray shade data 
bits corresponding to elements of the Wavelet matrix Wherein 
each column of the data matrix is a data vector, generating 
voltages for data electrodes and thereby applying the select 
vector and the corresponding voltages for the data electrodes 
in the group, and rotating roWs of the Wavelet matrix and the 
data matrix once, folloWed by repeating steps of scanning the 
display until every roW of the Wavelet matrix and the data 
matrix takes position of ?rst roW in the respective matrix for 
displaying gray shades. 

In yet another embodiment of the present invention, ampli 
tude of the Wavelets is an integer. 

In still another embodiment of the present invention, 
energy of the Wavelets is equal to an integer poWer of tWo. 

In still another embodiment of the present invention, the 
energy of the Wavelet is chosen to correspond uniquely to 
Weight of the gray shade data bit. 

In still another embodiment of the present invention, the 
Wavelets are DC free to ensure long life of display. 

In still another embodiment of the present invention, the 
Wavelets are selected from the group comprising Haar Wave 
lets, slant Wavelets and other orthogonal Wavelets. 

In still another embodiment of the present invention, the 
voltage for data electrodes is generated using dot product of 
the select vector and the data vector. 

In still another embodiment of the present invention, the 
voltage for the data electrodes is generated for the entire data 
electrodes and the entire groups. 
The technique is illustrated With the Haar Wavelets and 

slant Wavelets as examples. A similar procedure can be fol 
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lowed for scanning the matrix With other Wavelets. The ?rst 
step is to construct a Wavelet matrix because multiplexing the 
data to the pixels in the display is possible When the matrix 
display is scanned With Waveforms derived from orthogonal 
functions or matrices. Selection of Wavelets and the construc 
tion of a Wavelet matrix With them are described in the next 
section. 

A. Construction of a Wavelet Matrix Based on Wavelets 

A set of Haar Wavelets is chosen and the amplitude of the 
Wavelets is modi?ed such that the folloWing conditions are 
satis?ed: 

l. Amplitude of the Wavelets is an integer. 

2. Energy of a Wavelet is equal to an integer poWer of tWo. 

3. Energy of each Wavelet chosen to correspond uniquely to 
Weight of a bit in the gray shade data. 

4. Wavelets are DC free so that the Waveforms across the 
pixels Will also be DC free to ensure long life of the 
display. 

A set of six Wavelets satisfying these conditions are shoWn 
in (l) to (6). 

(6) 

Energies of these Wavelets are 128, 64, 32, 16, 8 and 4 
respectively and they are proportional (><4) to the Weight of 
the most signi?cant to the least signi?cant bit of the gray 
shade data. Subscripts B5 to B0 in (l) to (6) correspond to the 
binary digit (bit) of the gray shade data. The gray shade value 
giJ ranges from —63 to +63 in steps of 2 as shoWn in the 
folloWing expression. 

+1 v logicO (7) 

—l V logicl 

The Wavelets in (l) to (6) are combined to form a Wavelet 
matrix as shoWn in (8). 

+4 —4 +4 —4 +4 —4 +4 —4 (8) 

01+20-20+20-20 
UM- 0 +4 0 -4 0 +4 0 -4 

Although it is possible to obtain a Wavelet matrix With just 
three roWs, the number of roWs is chosen to be four to reduce 
the hardWare complexity of the controller. Columns of the 
Wavelet matrix in (8) are referred to as the select vectors. Each 
element of the Wavelet matrix corresponds to a bit of the gray 
shade data (d) as shoWn in the matrix D(l)4x8 in (9). 
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d5 d5 
0 d2 0 

d4 0 

do d3 

(9) 

Several Wavelet matrices can be constructed With the Wave 

lets in (l) to (6). Hence the matrix in (8) is not a unique, for 
example the matrix in (10) and the associated data matrix in 
(l 1) could also be used for scanning the matrix LCDs. 

+4 (10) 

d5 d5 d5 d5 d5 d5 

d2Od2Od2O 
214021402140 
d3 do d1 do d3 do do 

B. Scanning the Matrix Display 

Consider a matrix display With N and M orthogonal elec 
trodes With picture-elements (pixels) located at the intersec 
tion of these address lines. Let the gray shade of the pixel 
located at the intersection of roW ‘i’ and column ‘j’ be gl-J as 
given in (7). The matrix display may be scanned either by 
selecting the roW electrodes or the column electrodes. The 
electrodes that are used for scanning the display are called the 
scanning electrodes and the electrodes that are orthogonal to 
the scanning electrodes are referred to as the data electrodes. 
Let the number of scanning electrodes be N. These electrodes 
are grouped to form about (N/4) sets of scanning electrodes 
each consisting of four electrodes. The display is scanned by 
selecting one set (four) of scanning electrodes at a time by 
applying voltages that are proportional to elements of the 
select vector. For example, the address lines can be selected 
by applying —4V,, 0, +4V, and +V, When the second column 
of the matrix in (8) is the select vector (shoWn in (12)). 

(12) 

+4 

+1 

All the other (N —4) non-selected scanning electrodes are 
grounded. Voltages for the data electrodes are obtained by 
computing the dot product of the select vector With the data 
vectors. The data vector is obtained by picking the bits of the 
gray shade data as dictated by the elements of the column in 
(9) that corresponds to the select vector. In our example, the 
bit-5 (MSB) of the pixels located on the ?rst selected elec 
trode, bit-4 of the pixels on the third selected electrode and 
bit-0 (LSB) of the pixels in the fourth selected electrode are 
used to form the data vectorbecause the elements of the select 
vectors correspond to the Wavelets in (l), (2) and (6) respec 
tively. Second element of the data vector is Zero because the 
corresponding element of the select vector is also Zero. Data 
voltages for all the data electrodes in the display are computed 
by using the dot product as shoWn in (13). 
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Select and data voltages are applied to the respective elec 
trodes simultaneously during a time interval T, referred to as 
the select time. A frame is complete When all the (N/ 4) sets of 
scanning electrodes are selected With all the select vectors of 
(8). At the end of the frame, energy delivered to the pixels in 
the ?rst electrode of all the sets is proportional to the most 
signi?cant bit of the gray shade data because the energy of the 
Wavelet in the ?rst roW of the Wavelet matrix in (8) corre 
sponds to the most signi?cant bit. Similarly, the energies 
delivered to the second and third roWs of the sets are propor 
tional to the bit-2 and bit-4 respectively. Energy delivered to 
the pixels in the fourth roW is proportional to the sum of the 
energies of the bit-3, bit-1 and bit-0. Three more frames are 
necessary to ensure that the energy delivered to all the pixels 
in the display is proportional to the sum of the energies 
corresponding to all the bits of the gray shade data. Hence, 
(8N) time intervals are necessary to complete a cycle. The 
Wavelet matrix in (8) and the corresponding matrix in (9) are 
rotated three times (roW-Wise) and the scanning is performed 
so that the three additional frames Will complete a cycle. For 
example, rotating the matrix doWn once Will ensure that the 
?rst roW of each set of the scanning lines Will get energy that 
is proportional to the sum of the energies of bit-3, bit-1 and 
bit-0. Energies delivered to the second, third and fourth lines 
in each set of scanning lines Will be proportional to that of the 
bit-5, bit-2 and bit-4 respectively. Wavelet matrices for the 
second, third and the fourth frames and their corresponding 
data matrices are given in (14)-(l9). 

+2 +1 +4 —1 —2 —1 —4 +1 (14) 

+4 —4 +4 —4 +4 —4 +4 —4 

0(2)“: +2 0 -2 0 +2 0 -2 0 

0+40-40+40-4 

d1 do d3 do d1 do d3 do (15) 
d5 d5 d5 d5 d5 d5 d5 d5 

Dc)“: d2 0 d2 0 d2 0 d2 0 

Od40d40d40d4 

0+40-40+40-4 (16) 

+2 +1 +4 —1 —2 —1 —4 +1 

0(3)“: +4 -1 +4 -4 +4 -4 +4 -4 

+20-20+20-20 

Od4Od4Od4Od4 (17) 
d1 do d3 do d1 do d3 do 

D6)“: d5 d5 d5 d5 d5 d5 d5 d5 

d2Od2Od2Od2O 

+20-20+20-20 (1s) 

0+40-40+40-4 

0804*“: +2 +1 +4 -1 -2 -1 -4 +1 

+4 —4 +4 —4 +4 —4 +4 —4 

20 

30 

35 

40 

55 

60 

8 
-continued 
0 d2 0 d2 0 

0 d4 0 d4 0 

d3 do d1 do d3 

d5 d5 d5 d5 d5 

(19) 

In summary, a cycle is complete When all the sets of scan 
ning electrodes are selected With all the select vectors in the 
Wavelet matrices of (8), (l4), (l6) and (18) once. Typical 
Waveforms based on the Wavelet matrix in (10) are shoWn in 
FIG. 1. Each select vector in (10) is rotated to obtain three 
other select vectors. The Waveforms across the pixels are DC 
free because the Wavelets in these Wavelet matrices are DC 
free. 
Analysis 
The RMS voltage across pixels in the display When the 

display is scanned With Waveforms derived from Wavelets is 
as folloWs. 

EN 

The selection ratio, de?ned as the ratio of RMS voltage 
across the ON pixels to that across OFF pixels, is a maximum 
When 

(23) 

(24) 
VN W+1 . . . . 0 

and the maxlmum selection ratio is : \/_— . 
N —1 VOFF 

It is the maximum selection ratio that is attainable by any 
addressing technique for driving passive matrix LCDs. Selec 
tion ratio is a measure of the discrimination that can be 
achieved betWeen ON and OFF pixels and a higher selection 
ratio Will ensure good contrast in the display. The OFF pixels 
in the display are biased near the threshold voltage of the LCD 
and the supply voltage of the drive electronics is obtained by 
equating the expression for the voltage across OFF pixels to 
the threshold voltage of the LCD. 

63(21v - 2\/1v ) (25) 
VOFF = T 'Vc = Vthreshohz' 

V res o 26 
Hence, V : 1h h Id ( ) 

1 

63(1 — —] V N 

Supply voltage is determined by the maximum sWing in the 
addressing Waveforms. Maximum amplitude of the scanning 
Waveforms is small as compared to that of the data voltages 
When N is small. It is higher than the maximum amplitude of 
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the data voltages When N is large. Hence, the supply voltage 
is de?ned for tWo ranges of N. Maximum sWing in the data 
Waveform is also dependent on the Wavelet matrix. For 
example, the maximum amplitude is 10 VC When the Wavelet 
matrix in (8) is used Whereas it is 12 VC When the matrix in 
(10) is used. Supply voltage When the Wavelet matrix in (8) is 
used is: 

20Vc V N56 

The supply voltage When matrix of (10) is used for scan 
ning the display is given in (28). 

24v, v N59 (28) 
v, = 

‘10) {8x/N v, v N29 

871v v (29> 
Supply voltageuvzg) : 8- V, = 8\/ N Vc : $ 

1 63(1- —] VN 

The analysis presented in the previous section is indepen 
dent of the scanning sequence, the order in Which the scan 
ning electrodes are selected With select vectors. There are 32 
! Ways of selecting a set of four electrodes With the thirty-tWo 
select vectors and the (N/ 4) sets of scanning electrodes them 
selves may be selected in (N/ 4)! Ways. The RMS voltage 
across the pixel Will not change With the scanning sequence 
but the frequency spectrum across the pixels and the poWer 
consumption of the display Will depend on the scanning 
sequence (T. N. Ruckmongathan, Reducing PoWer Consump 
tion in Liquid-Crystal Displays, IEEE trans. On Electron 
Devices, Vol. 53, No. 7, pp. 1559-1566, July 2006). 
Drive Electronics 

The techniques to reduce the hardWare complexity of the 
drive electronics are outlined in this section. 
C. Reducing the HardWare Complexity 
1) RoW (Scan) Drivers 
The number of voltages in the scanning Waveforms is seven 

viZ., :4 V,; :2 V,; :V, and 0. Data drivers that are capable of 
applying any one of the eight voltages to each electrode may 
be used. They consist of an 8:1 analog multiplexer, a 3-bit 
latch and 3-bit shift register in each stage that corresponds to 
one output of the driver. HoWever, by considering the fact that 
just four voltages are necessary (three select voltages and a 
non-select voltage), it is adequate to have a 4:1 analog mul 
tiplexer, 2-bit latch and 2-bit shift register in each stage of the 
display driver along With roW voltage selector (201) With four 
8:1 analog multiplexers that are common to all the roW drivers 
(202) in the display. The hardWare reduction achieved in each 
stage of the driver contributes to a large reduction in the 
hardWare complexity because the number of stages in the 
drivers is equal to N, the number of scanning electrodes in a 
display, and N is usually large. Hence, the reduction in hard 
Ware is signi?cant While the increase in hardWare (four 8:1 
multiplexers) to achieve this reduction is negligible. Sche 
matic diagram of a simpli?ed roW drive circuit is shoWn in 
FIG. 2. 
2) Column (Data) Drivers 
Number of voltages in the data Waveforms is either seven 

teen or eighteen depending on the selection of the matrix ((8) 
or (10)) for scanning the display. Hence, each stage of the 
column driver should have a (17:1) or a (18: 1) analog multi 
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10 
plexer, a 5-bit latch to hold the value of the column data 
during the select time and a 5-bit shift register so that the 
column data can be serially shifted in to the driver. Here again 
the number of voltages that are necessary at a given instant of 
time is just four to eight depending on the select vector. 
Hence, LCD drivers that are capable of applying just eight 
voltage levels (With an 8:1 analog multiplexer, 3-bit latch and 
3-bit shift register for each output) are adequate for the col 
umn driver (302), and the increase in hardWare complexity 
due to the addition of column voltage selector (301) With 
eight 4:1 analog multiplexers that are common to all the 
stages in the driver is negligible because the number of data 
(column) electrodes is usually large. External multiplexers 
for the data drivers are shoWn in FIG. 3. 
3) Controller 

Gray shade data of the pixels in a matrix display is stored in 
the buffer memory as a one-dimensional array and the address 
ofa pixel in ‘roW-i’ and ‘column-j’ is computed as folloWs. 

Address of the four pixels in each column has to be gener 
ated repeatedly and a simple binary counter can be used 
provided the number of memory locations allocated for each 
roW is an integer poWer of tWo and the number of electrodes 
that are in a set is also an integer poWer of tWo. By having four 
roWs in a set, a binary counter can be used to generate the 
address Without any multiplication and addition. 
D. Implementation 
The Wavelet matrix in (10) is used to scan a 32x32 tWisted 

nematic matrix display. The number of voltages in the data 
Waveform is eighteen instead of the seventeen for the matrix 
in (8). HoWever, this does not change the hardware complex 
ity of the data drivers because We have used drivers that are 
capable of applying one out of eight voltages. The controller 
is implemented in a CPLD With 84 macro-cells, 181 product 
terms and 55 registers. Photograph of the prototype is shoWn 
in FIG. 4. Typical roW (scanning) and column (data) Wave 
forms are shoWn in FIG. 5. Typical Waveform across a pixel is 
shoWn in FIG. 6. 
Comparison 
Most of the techniques that Were proposed by various 

researchers during the last century Were primarily for display 
ing bi-level images. Number of time intervals to complete a 
cycle increases When frame modulation or pulse Width modu 
lation are employed to display gray shades. Number of time 
intervals in a cycle is (126N) When sixty-four gray shades are 
displayed using frame or pulse Width modulation. The num 
ber of time intervals in a cycle includes polarity inversion to 
achieve DC free Waveforms across the pixels. Number of time 
intervals for all the techniques in this comparison is the mini 
mum number of time intervals to achieve DC free operation. 
On the other hand, number of voltages in the drive Waveforms 
increases When amplitude modulation or pulse height modu 
lation (A. R. Conner and T. J. Scheffer, Pulse-Height Modu 
lation Gray Shading Methods for Passive Matrix LCDs, Proc. 
12th lntemational Display Research Conference (Japan Dis 
play ’ 92) pp. 69-72, 1992) is used along With line-by-line and 
multi-line addressing techniques. Amplitude modulation Will 
have 126 voltages in the column Waveforms, three voltages in 
the data Waveforms and it needs 4N time intervals to complete 
a cycle. A gray shade technique that is based on multi-ordered 
orthogonal matrix Which Was proposed byYeung et al. (Steve 
Yeung, James Lee, Berry Lam, Jonathan Ng and Ivan Tsoi, 
Gray-scale addressing method by multi-order paraunitary/ 
orthogonal building blocks, Journal of the STD 8/4, pp. 283 
288, 2000) can display a large number of gray shades With 
feWer time intervals but the number of voltages in the data 
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Waveforms Will be large. For example, thirty-?ve voltages in 
the data Waveforms are necessary to display sixty-four gray 
shades although the number of voltages in scanning Wave 
forms and the number of time intervals to complete a cycle are 
small (3 and 12N respectively). It is not possible to reduce the 
hardWare complexity of the drive electronics if amplitude 
modulation, pulse height modulation (A. R. Conner and T. J. 
Scheffer, Pulse-Height Modulation Gray Shading Methods 
for Passive Matrix LCDs, Proc. 12th International Display 
Research Conference (Japan Display ’92) pp. 69-72, 1992) 
and the technique based on multi-ordered orthogonal matri 
ces (Steve Yeung, James Lee, Berry Lam, Jonathan Ng and 
Ivan Tsoi, Gray-scale addressing method by multi-order 
paraunitary/orthogonal building blocks, Journal of the SID 
8/4, pp. 283-288, 2000) are used for displaying a large num 
ber of gray shades. Number of time intervals to complete a 
cycle Will be too large if paraunitary matrices are used to 
display a large number of gray shades. It may be more appro 
priate to compare the Wavelet-based technique With the suc 
ces sive approximation techniques (K. G. Panikumar and T. N. 
Ruckmongathan, Displaying Gray Shades in Passive Matrix 
LCDs Using Successive Approximation, Proceedings of the 
7”’ Asian Symposium on Information Display (ASID-2002), 
pp. 229-232, 2002), (T. N. Ruckmongathan, ‘A Successive 
Approximation Technique for Displaying Gray Shades in 
Liquid Crystal Displays (LCDs)’, IEEE trans. Image Process 
ing, Vol. 16, No. 2, pp. 554-561, February 2007) since both 
the techniques are based on delivering energies that are pro 
portional to the bit Weight of the gray shade data in several 
time intervals. A comparison of the Wavelet-based technique 
With successive approximation techniques based on line-by 
line addressing and multi-line addressing is given in Table I. 

TABLE I 

COMPARISON OF THE GRAY SHADE TECHNIQUES (64 
GRAY SHADES) 

Successive Successive Wavelet based 
approximation approximation technique - 4 
technique (MLA) - 4 lines electrodes 

Parameter (Line-by-line) in a subgroup in a set 

Number of time intervals 12N 12N 8N 
for 64 gray shades 
Supply voltage High Intermediate LoW 

(100%)* (50%) (40.8%) 
Number of voltages in 13 13 7 
scanning Waveforms (19 for IAPT) 
Number ofvoltages in the 12 17 17 
data Waveforms (19 for IAPT) 

*Supply voltage as a ratio is given as compared to successive approximation (line-by-line 
technique). Number is valid forN > 16 in case ofSA-MLA andN > 9 in case ofWavelet based 
technique. 

The number of roWs is chosen to be four in case of multi 
line addressing. The number of time intervals to complete a 
cycle is less for the Wavelet-based technique and hence the 
display can be scanned at a loWer rate as compared to the 
successive approximation technique When all other param 
eters are equal. SloW scanning is helpful to reduce the poWer 
consumption. The brightness non-uniformity of pixels due to 
distortion in the addressing Waveforms Will also be less 
because the select time is larger When the number of time 
intervals is small. A loWer supply voltage of the Wavelet 
based technique is advantageous in portable devices. Supply 
voltage of the Wavelet-based technique is compared With that 
of the successive approximation techniques (K. G. Panikumar 
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and T. N. Ruckmongathan, Displaying Gray Shades in Pas 
sive Matrix LCDs Using Successive Approximation, Pro 
ceedings of the 7”’ Asian Symposium on Information Display 
(ASID-2002), pp. 229-232, 2002), (T. N. Ruckmongathan, ‘A 
Successive Approximation Technique for Displaying Gray 
Shades in Liquid Crystal Displays (LCDs)’, IEEE trans. 
Image Processing, Vol. 16, No. 2, pp. 554-561, February 
2007) in FIG. 7. It is possible to reduce the hardWare com 
plexity of the drive electronics in successive approximation 
technique and the technique proposed in this disclosure. LCD 
drivers that are used for displaying bi-level images can be 
used for displaying gray shades by adding some multiplexers 
that are common to all the drivers for the successive approxi 
mation techniques (T. N. Ruckmongathan, ‘A Successive 
Approximation Technique for Displaying Gray Shades in 
Liquid Crystal Displays (LCDs)’, IEEE trans. Image Process 
ing, Vol. 16, No. 2, pp. 554-561, February 2007). Response of 
the display for sWitching to different gray shades Was mea 
sured using a cell (3.9 pm) ?lled With RO-TN 403 (liquid 
crystal mixture) When thirty-two roWs are scanned With Wave 
forms derived from the Wavelet matrix in (10). The refresh 
rate is 50 HZ. Table II and Table III shoW the response times 
in milliseconds When the pixels are sWitched from one gray 
shade to another using the Wavelet-based technique. Rise 
time and fall times are measured from 10% to 90% change in 
transmission of the difference in transmission betWeen tWo 
states. The upper triangle in this table shoWs the rise times and 
the loWer triangle gives the fall times. Response of the cell 
Was also measured When it is sWitched to ON and OFF states 

using voltages under multiplexed condition, by applying 
square Waveforms With RMS voltage equal to VON (1.58 
volts) andVOFF (1.33 volts, the threshold of the liquid crystal 
mixture) for the sake of comparison. SWitch ON (rise) and 
sWitch OFF (fall) times Were 53 and 34 ms respectively. The 
cell is not optimiZed for fast response. From the Tables II and 
III it is evident that the response times are slightly higher 
under multiplexed condition When the pixels are sWitched 
from one extreme to the other extreme state (i.e. ON and 

OFF). HoWever, the gray scale to gray scale sWitching can be 
high by a factor of about 2.5 in some cases With conventional 
addressing methods. 

CONCLUSION 

Salient features of the Wavelet-based techniques are as 
folloWs: 

1 . Amplitude and the number of time intervals in the Wave 
lets are selected With an aim to reduce the supply voltage 
of the drive electronics. 

2. A compact Wavelet matrix is constructed to reduce the 
number of time intervals in a cycle. 

3. Number of non-Zero elements in the select vector is 
chosen to reduce the hardWare complexity of the drivers. 

4. Number of non-Zero elements in the select vector may 
also be used to match the drivers on a given display 
panel. 

5. Number of roWs in the Wavelet matrix can be chosen to 
be an integer poWer of tWo to reduce the hardWare com 
plexity of the controller. 

These features are unique to the Wavelet-based technique 
and hence they have several advantages as compared to the 
conventional techniques for displaying gray shades. 
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RESPONSE TIMES (IN MILLISECONDS) WHEN PIXELS ARE SWITCHED TO DIFFERENT GRAY 

SHADES USING WAVELETS (VSUPPLY = 8.78 v). 

Gray 
shade 0 63 

value (OFF) 3 7 11 15 19 23 27 31 35 39 43 47 51 55 59 (ON) 

0 i 124 118 118 114 105 102 98 95 92 96 90 88 87 85 78 74 

(OFF) 
3 96 i 120 112 114 100 96 91 88 85 82 82 80 74 73 71 70 

7 92 100 i 120 116 100 97 93 90 88 83 86 87 85 80 70 68 

11 90 98 99 i 118 112 102 98 96 90 94 88 84 80 76 72 66 

15 85 90 92 104 i 115 110 101 97 95 90 93 90 82 79 74 71 

19 79 86 88 100 105 i 116 112 106 100 93 94 90 84 80 74 73 

23 70 79 84 94 98 104 i 114 115 108 98 95 92 85 81 76 75 

27 70 72 78 92 93 98 108 i 122 120 116 99 94 87 83 77 76 

31 67 70 75 88 91 96 100 110 i 126 112 104 98 89 86 82 82 

35 65 77 78 89 88 92 96 104 110 i 120 112 102 96 93 88 86 

39 62 72 74 85 86 87 88 106 100 108 i 119 116 107 103 92 88 

43 68 70 75 80 80 84 85 88 90 103 114 i 113 109 106 97 89 

47 62 64 70 76 80 78 82 83 86 90 98 104 115 108 101 93 

51 62 64 70 74 78 79 76 75 84 82 96 100 104 i 114 98 95 

55 55 65 71 78 76 77 69 74 82 78 92 95 101 107 i 116 105 

59 50 68 65 74 75 70 66 72 80 74 86 84 94 92 102 i 118 

63 58 65 60 72 77 72 68 70 76 69 75 80 88 91 95 108 i 

(ON) 

30 
The upper triangle in the table gives the rise time and the 
lower triangle of the table gives the fall time When the pixels 
are switched from one gray shade to another. 

Rise time and fall times are measured from 10% to 90% 
change in transmission of the difference in transmission 
betWeen tWo states. 

TABLE III 

RESPONSE TIMES (IN MILLISECONDS) WHEN PIXELS ARE SWITCHED TO DIFFERENT GRAY 

SHADES USING WAVELETS (VSUPPLF 8.36 V). 

Gray 
shade 0 63 

value (OFF) 3 7 11 15 19 23 27 31 35 39 43 47 51 55 59 (ON) 

0 i 132 130 121 125 120 116 110 106 102 95 94 80 86 85 77 66 

(OFF) 
3 58 i 138 130 124 118 114 115 116 114 110 106 94 88 82 78 74 

7 60 80 i 130 128 125 120 116 106 100 100 103 100 94 90 82 79 

11 52 72 96 i 129 124 120 118 115 108 104 110 108 95 93 86 84 

15 56 68 90 100 i 122 116 120 115 112 110 114 110 104 96 88 86 

19 60 70 80 92 108 i 128 124 122 116 110 100 100 88 86 74 78 

23 48 65 72 88 104 116 i 128 115 118 108 116 112 106 102 92 90 

27 62 67 70 90 96 110 116 i 132 128 114 110 96 84 88 86 80 

31 55 65 66 90 93 98 110 120 i 130 126 115 106 108 102 90 88 

35 51 68 67 88 89 95 110 120 123 i 128 110 104 96 94 85 84 

39 58 66 71 78 86 84 104 108 120 116 i 132 113 98 95 87 86 

43 60 65 70 80 84 85 102 98 100 95 120 i 124 116 100 88 90 

47 50 65 72 78 84 80 95 82 94 88 100 111 120 116 96 92 

51 50 60 60 70 80 83 94 84 92 75 89 88 112 i 125 110 92 

55 55 56 58 70 80 82 90 82 88 72 88 80 110 118 i 115 100 

59 49 56 60 66 77 73 80 78 84 70 76 73 92 96 100 i 118 

63 47 48 60 66 74 70 66 74 80 75 70 73 82 90 90 110 i 

(ON) 
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The invention is further elaborated With the following 
example, however these examples should not be considered 
to limit the scope of the invention. BeloW shoWs an example 
of using slant Wavelet instead of Haar Wavelet. 
Slant Wavelets and Construction of a Wavelet Matrix 
A Wavelet slant matrix proposed by S. Agaian, K. Tourshan 

and J. P. Noonan, “Generalized parametric Slant-Hadamard 
transform”, Signal Processing 84 (2004), pp. 1299-1306, is 
shoWn in (31). 

Five Wavelets are derived from the Wavelet matrix S3 and 
they satisfy the folloWing conditions: 

1. Energy of a Wavelet is proportional to Weight of a bit of 
the gray shade data. 

2. Each Wavelet is uniquely associated With one bit of the 
data. 

3. DC free Wavelets to ensure long life of the display 
(application of DC voltages for a long duration Will 
reduce the life of the display). 

Five Wavelets that satisfy these conditions are shoWn in 
(32) to (36). 

These Wavelets are more complex as compared to the Haar 
Wavelet. HoWever, use of these Wavelets does not increase the 
hardWare complexity of the drive electronics as explained 
here. Energies of these Wavelets are 96, 48, 24, 12 and 6 
respectively and they are proportional (><6) to the Weight of 
bits in gray shade data. Subscripts B4 to B0 in (32) to (36) 
correspond to the binary Weight of the gray shade data as 
shoWn in the folloWing expression. 

+1 v logicO (37) 

—l V logicl 

Values of the gray shades gid- from —31 to +31 and adjacent 
gray shade values differ by 2. Wavelet matrices can be con 
structed With the Wavelets in (32) to (36) and one such matrix 
is shoWn in (38). 

Number of roWs in the Wavelet matrix is chosen to be four 
to reduce the hardWare complexity of the controller as 
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explained before. Several Wavelet matrices can be obtained 
by using the Wavelets in (32) to (36). A Wavelet matrix With 
three roWs is shoWn in (39). 

Columns of the Wavelet matrix are referred to as the select 
vectors. Each element of the select vector corresponds to a bit 
of the gray shade data (d7). Data bits corresponding to the 
elements of the matrices in (38) and (39) are shoWn in (40) 
and (41) respectively. 

(1396 

(40) 

D : 
4X8 x d2 x x x d2 

d1 do dl do dl do 

d1 d1 d1 do do do 

The ‘x’ in data bit matrices corresponds to the Zero in the 
Wavelet matrices. 
Technique Using Slant Wavelet 

Consider a matrix display With N and M electrodes that are 
orthogonal to each other and picture elements (pixels) located 
at the intersection of these address lines. Let the gray shade of 
a pixel located at the intersection of roW ‘i’ and column ‘j’ be 
gl-J as given in (37). Address lines in the matrix display are 
grouped into (N/4) sets such that each set consists of four 
address lines. Steps involved in scanning the matrix display 
are as folloWs: 

1. A column in the Wavelet matrix (one of the select vec 
tors) in (38) is chosen to select a set of address lines. 

2. Data vector of each column in the matrix display is 
obtained by selecting the data bits corresponding to the 
select vector (as shoWn in the corresponding column of 
the data bit matrix (40)). 

3. Data voltages (dot product of the select vector With the 
data vectors) are computed. For example, the data volt 
age When the select vector is the ?rst column of the 
Wavelet matrix in (38) is as folloWs: 

Here, d4, d3 and d1 correspond to pixels in the ?rst, 
second and fourth address lines of the selected subset. 
Subscripts (4 to 0) correspond to bits, i.e. the most 
signi?cant bit (MSB) to the least signi?cant bit (LSB). 

4. Four address lines in a set are selected simultaneously 
for a time duration T (referred to as the select time) With 
voltages corresponding to one of the select vector. For 
example, the address lines are selected by applying the 
voltages +4 V,, +2\/ 6 V, and +\/2 V, to the ?rst to fourth 
address lines in a set When the ?rst column of the Wavelet 
matrix is the select vector. 
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5. Both select and data voltages are applied to the corre 
sponding electrodes simultaneously for a duration T, 
referred to as the select interval (T). 

6. Select vector and the corresponding data vector are 
rotated (either up or doWn) vertically by one position. 
Three select vectors can be obtained by three successive 
rotations of a select vector in (38). Hence, the total 
number of select vectors is 24 (6x4). 

7. The neW select vector that is obtained by rotating a select 
vector in (38) is used to select either the same address 
lines or another set of address lines for a duration T as 

described in steps 3 and 4. 

8. A cycle is complete When all the set of address lines in 
the matrix display are selected With all the (24) select 
vectors, i.e. six basic vectors and the eighteen vectors 
derived by rotating them. 

The display is refreshed continuously by repeating this 
cycle at a rate that is fast enough to avoid ?icker and ensure 
RMS response. Scanning sequence described here ensures 
that all the address lines in the matrix display are selected With 
the ?ve Wavelets once in each cycle. Waveforms across the 
pixels Will be DC free because the Wavelets are DC free. 
Typical Waveforms of the addressing technique are shoWn in 
FIG. 9. Number of time intervals to complete a cycle is about 
6N. Analysis of this technique is presented in the next section. 

Analysis for Slant Wavelet 

RMS voltage across a pixel When the matrix display is 
scanned With Waveforms corresponding to the Wavelet matrix 
in (38) is as folloWs: 

VOFF(RMS) = N 

Ratio of RMS voltage across the ON pixels to that across 
OFF pixels is called the selection ratio. It is a measure of the 
performance of the addressing technique, and a high selection 
ratio is preferred to achieve a high contrast in the display. It is 
a maximum When: 

(46) 

W 1 (47) + 
Maximum selection ratio : 

It is the maximum selection ratio that is achievable by any 
addressing technique employed for driving the RMS 
responding passive matrix LCDs. A good contrast is obtained 
When the RMS voltage across the OFF pixels in the display is 
biased near the threshold voltage of the LCD. The voltage V6 
is obtained by equating the voltage across OFF pixels to the 
threshold voltage (Vthmhold) of the liquid crystal display. 

20 

25 

30 

35 

40 

45 

50 

55 

60 

65 

VOFF = i 'Vc = Vthreshokz' 
N 

V 4 
Hence, VG : threshold ( 9) 

Supply voltage of the drive electronics is determined by the 
maximum sWing in the addressing Waveforms. Amplitude of 
the scanning Waveforms increases and the data Waveforms 
decrease as the number of address lines that are multiplexed is 
increased in multi-line addressing techniques. Hence, the 
expression for the supply voltage When N is small is deter 
mined by the maximum sWing in the data Waveforms Whereas 
the supply voltage is determined by the maximum sWing in 
the scanning Waveforms When N is large. 

Maximum amplitudes of the data Waveforms and scanning 
Waveforms are as folloWs: 

Scanning voltage (maxFF/KVF VC (51) 

Hence, supply voltage of the drive electronics is as folloWs. 

(52) 
s 

VNzS 

Supply voltage for most practical values (N >5) is given in 
(53). 

(53) 
Supply voltageuvzs) = Vrhreshold 

A plot of the supply voltage for this range is shoWn in FIG. 
10. 

Analysis presented in this paper is independent of the scan 
ning sequence, the order in Which the scanning electrodes are 
selected With select vectors. There are 24! possible Ways of 
selecting four address lines (a set) With the 24 select vectors. 
The (N/ 4) sets (of address lines) themselves can be chosen in 
any one of the (N/4)! Ways. Although there are many possible 
Ways of selecting the address lines, the RMS voltage across 
the pixels Will be the same as long as the RC time constant of 
the drive circuit is small as compared to the select time T. 
Drive Waveforms Will get distorted (due to the ‘ON’ resis 
tance of the drivers and the capacitance of the pixels) When 
ever there is a transition in the Waveforms. Number of tran 
sitions in the addressing Waveforms is determined by the 
scanning sequence. In case the RC time constant is large, then 
RMS voltages across the pixels Will be less due to distortion 
in the Waveforms. Number of transitions in the addressing 
Waveforms also determines the poWer dissipated in the driv 
ers and it is also preferable to have smaller amplitude of 
transitions to reduce the poWer consumption. Frequency 
spectrum across the pixels is also determined by the address 
ing sequence. 








