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Gray Shades in RMS Responding Displays With
Wavelets Based on the Slant Transform

T. N. Ruckmongathan, Deepa S. Nadig, and P. R. Ranjitha

Abstract—A technique for displaying gray shades in
root-mean-square responding displays is proposed. It is based on
wavelets derived from a slant matrix of order 3. We have shown
that the hardware complexity of display drivers and controller
can be reduced to the same extent as that of the technique using
the simple integer Haar wavelets. The number of time intervals to
complete a cycle is 25% less than that of Haar wavelets, and we
have also shown that it is not necessary to compute the orthogonal
transform repeatedly.

Index Terms—Gray shades, liquid-crystal displays (LCDs),
matrix addressing, multiline addressing, wavelets.

I. INTRODUCTION

MATRIX displays consist of N address lines (electrodes)
and M data lines. Pixels are located at the intersection

of these electrodes that are orthogonal to each other. Early
addressing schemes were based on line-by-line addressing [1].
Nehring and Kmetz [2] explored the possibility of using orthog-
onal functions (like Walsh functions) and concluded that the
selection ratio [ratio of root-mean-square (rms) voltages across
the ON pixels to that across the OFF pixels] cannot exceed the
limit ((

√
N + 1)/(

√
N − 1))1/2, where N is the number of

lines scanned in a matrix display. However, there are several
other advantages when a set of orthogonal functions (other than
a set of rectangular pulses) is used for scanning the display. The
second-generation techniques are based on selecting several
address lines simultaneously by using orthogonal functions like
Rademacher and Walsh functions [3]. Low supply voltage,
good brightness uniformity among the pixels that are driven to
the same state, etc., are some of the advantages of these tech-
niques. In a matrix display, the address lines are scanned with
waveforms derived from orthogonal functions, and the infor-
mation is multiplexed through the data electrodes by applying
waveforms that are proportional to the orthogonal transform of
the data. Pixels in the rms responding displays act as detectors

Manuscript received April 26, 2006; revised January 15, 2007. The review
of this paper was arranged by Editor H.-S. Tae.

T. N. Ruckmongathan is with the Raman Research Institute, Bangalore
560080, India (e-mail: ruck@rri.res.in).

D. S. Nadig was with Visvesvaraya Technological University, Belgaum
590014, India. She is now with Wipro Technologies, Bangalore 560035, India
(e-mail: nadig_ds@rediffmail.com).

P. R. Ranjitha was with Visvesvaraya Technological University, Belgaum
590014, India. She is now with Infosys Technologies, Bangalore 560100, India
(e-mail: prranjitha@rediffmail.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TED.2007.892023

TABLE I
NUMBER OF TIME INTERVALS VERSUS NUMBER OF

GRAY SHADES FOR HAAR WAVELETS

to demultiplex the data [4]. Most of the second-generation
techniques were targeted for displaying bilevel information
with pixels driven to either ON or OFF state. Limited number
of gray shades can be displayed using techniques like pulse
width modulation and frame rate control in conjunction with
line-by-line or multiline addressing techniques. Techniques like
amplitude modulation [5] and pulse height modulation [6]
may be called the third-generation techniques because they are
designed to display a large number of gray shades. Successive
approximation techniques and the wavelet techniques [7], [8]
are based on energy multiplexing. Capability to display a large
number of gray shades with low hardware complexity of driver
circuits is inherent in them because the number of time intervals
is proportional to the logarithm of the number of gray shades.
Selection ratio of these techniques is also a maximum. We
have demonstrated a good reduction in hardware complexity
of drivers and the controller of the passive matrix liquid crystal
displays (LCDs) by using the modified integer Haar wavelets
[8]. One of our aims is to show that neither the computation
nor the hardware complexity increases when wavelets that are
more complex than the integer Haar wavelets are used to scan
the display. We have obtained a set of slant wavelets from the
slant Hadamard matrix, which was proposed by Agaian et al.
[9]. We have also shown that the number of time intervals can
be reduced by 25% when slant wavelets are used instead of
modified Haar wavelets to display 32 gray shades. The number
of time intervals to complete a cycle depends on the number of
gray shades as well as the choice of wavelets. Table I shows the
number of time intervals to complete a cycle when integer Haar
wavelets are used to display gray shades. Reducing the number
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of time intervals to complete a cycle is advantageous (assuming
a constant refresh rate) for the following reasons.

1) Select time increases as the number of time intervals in
a cycle decreases. Good brightness uniformity of pixels
can be achieved when the select time is large because
distortion in the addressing waveforms will be less, as the
resistance–capacitance (RC) time constant will tend to
be smaller than the select time.

2) Pixels in a matrix display can be modeled as variable
capacitors, and power is dissipated in the ON resistance of
the drivers when the pixels (capacitors) are charged and
discharged to maintain the voltage across the pixels as
dictated by the addressing technique [10]. Hence, power
consumption in LCDs is similar to frequency-dependent
power consumption in CMOS circuits because the power
is dissipated whenever there is a transition in the address-
ing waveforms. Hence, techniques with less number of
time intervals are preferred to reduce power consumption.

We have shown that the number of time intervals to complete
a cycle can be reduced by 25% by using slant wavelets instead
of Haar wavelets to display 32 gray shades. Slant wavelets
for displaying 32 gray shades and construction of orthogonal
matrices based on slant wavelets are outlined in Section II.

II. SLANT WAVELETS AND CONSTRUCTION OF

ORTHOGONAL MATRIX

An orthogonal slant matrix proposed by Agaian [9] is
shown here:

S3 =




1 1 1√
6

2 0 −
√

6
2√

2
2 −

√
2

√
2

2


 . (1)

We have derived five wavelets from the orthogonal matrix
S3, and they satisfy the following conditions.

1) The energy of a wavelet is proportional to the weight of a
bit of the gray shade.

2) Each wavelet is uniquely associated with 1 bit of the gray
shade.

3) Wavelets are dc free to ensure long life of the display
(application of dc voltages for a long duration will reduce
the life of the display).

The five wavelets that satisfy these conditions are as follows:

wB4 = {+4,+4,+4,−4,−4,−4} (2)

wB3 = {+2
√

6, 0,−2
√

6} (3)

wB2 = {+2
√

3, 0,−2
√

3} (4)

wB1 = {+
√

2,−2
√

2,+
√

2} (5)

wB0 = {+1,−2,+1}. (6)

These wavelets are more complex as compared to the
wavelets in [7] and [8]. However, the use of these wavelets does

not increase the hardware complexity of the drive electronics,
as shown in this paper. The 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
(2)–(6) correspond to the binary weight of the gray shade data,
as shown in the following expression:

gi,j =
4∑

k=0

2k · dk dk =
{

+1, ∀ logic 0
−1, ∀ logic 1

. (7)

The values of the gray shades gi,j range from −31 to +31,
and the neighboring gray shades differ by 2. Orthogonal ma-
trices can be constructed with the wavelets in (2)–(6), and one
such matrix is shown as follows:

O4×6 =




+4 −4 +4 −4 +4 −4
+2

√
6 0 0 0 −2

√
6 0

0 +2
√

3 0 0 0 −2
√

3
+
√

2 +1 −2
√

2 −2 +
√

2 +1


 .

(8)

The number of nonzero elements is restricted to three in
each select vector (columns of the orthogonal matrix) to reduce
the hardware complexity of the data driver circuits. A data
driver that is capable of selecting one out of eight voltages is
adequate when the number of nonzero elements in the select
vector is three. The number of rows in the orthogonal matrix
is chosen to be four to reduce the hardware complexity of the
controller, as explained in [8]. Several orthogonal matrices can
be constructed using the wavelets in (2)–(6). An orthogonal
matrix with three rows is

O3×6 =


 +4 +4 +4 −4 −4 −4

+2
√

6 0 −2
√

6 +2
√

3 0 −2
√

3
+
√

2 −2
√

2 +
√

2 +1 −2 +1


 .

(9)

The columns of the orthogonal matrix are referred to as the
select vectors. Each element of the select vector corresponds to
a bit of the gray shade data di. Data bits corresponding to the
elements of the matrices in (8) and (9) are as follows:

D4×6 =




d4 d4 d4 d4 d4 d4

d3 x x x d3 x
x d2 x x x d2

d1 d0 d1 d0 d1 d0


 (10)

D3×6 =


 d4 d4 d4 d4 d4 d4

d3 x d3 d2 x d2

d1 d1 d1 d0 d0 d0


 . (11)

The x in data bit matrices corresponds to the zero in the
orthogonal matrices.

III. TECHNIQUE

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
gi,j , as given in (7). The address lines in the matrix display
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are grouped into (N/4) sets such that each set consists of four
address lines. The steps involved in scanning the matrix display
are as follows.

1) A set of address lines, i.e., four address lines are selected
with voltages corresponding to one of the select vectors,
i.e., a column in the orthogonal matrix in (8).

2) The data vector of each column in the matrix display is
obtained by selecting the data bits of pixels in the selected
rows and the elements of select vector, as shown by the
data bit matrix in (10).

3) Data voltages (dot product of the select vector with
the data vectors) are computed. For example, the data
voltage when the select vector is the first column of the
orthogonal matrix in (8) is as follows:

Vdata =




+4
+2

√
6

0
+
√

2


 .




d4

d3

0
d1


 · Vc. (12)

Here, d4 ,d3, and d1 correspond to pixels in the first,
second, and fourth address lines in the selected set.
Subscripts (4 to 0) correspond to the bits, i.e., the most
significant bit to the least significant bit.

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 vectors. For
example, the address lines are selected by applying the
voltages +4 Vr, +2

√
6 Vr, 0, and +

√
2 Vr to the first to

fourth address lines in a set when the first column of the
orthogonal matrix is the select vector.

5) Both select and data voltages are applied simultaneously
to the corresponding electrodes for a duration T , which is
referred to as the select interval T .

6) Select vector and the corresponding data vector are ro-
tated (either up or down) vertically by one position. Three
additional select vectors are obtained by rotating each
select vector in (8) three times. Hence, the total number
of select vectors is 24 (6 × 4).

7) The new select vector that is obtained by rotating a select
vector in (8) 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 the entire sets of address lines
in the matrix display are selected with all the 24 select
vectors, i.e., the 6 basic vectors and the 18 vectors derived
by rotating them.

The display is refreshed continuously by repeating this cycle
at a rate that is fast enough to avoid flicker and ensure rms
response. The scanning sequence described here ensures that
all the address lines in the matrix display are selected with the
five wavelets once in each cycle. The waveforms across the
pixels will be dc free because the wavelets are dc free. Typical
waveforms of the addressing technique are shown in Fig. 1. The
number of time intervals to complete a cycle is about 6N . The
analysis of this technique is presented in Section IV.

IV. ANALYSIS

The rms voltage across a pixel when the matrix display
is scanned with waveforms corresponding to the orthogonal
matrix in (8) is as follows:

Vpixel(rms) =

√√√√√6
4∑

k=0

2k (V 2
r − 2 · dk,i,jVr · Vc + N · V 2

c )

6N

(13)

VON(rms) =

√
31 (V 2

r + 2Vr · Vc + N · V 2
c )

N
(14)

VOFF(rms) =

√
31 (V 2

r − 2Vr · Vc + N · V 2
c )

N
. (15)

The ratio of rms voltage across the ON pixels to that across
the 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

Vr

Vc
=
√

N (16)

Maximum selection ratio =

√√
N + 1√
N − 1

. (17)

It is the maximum selection ratio that is achievable by any
addressing technique employed for driving the rms responding
passive matrix LCD. 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 Vc is obtained
by equating the voltage across the OFF pixels to the threshold
voltage Vthreshold of the liquid crystal display, i.e.,

VOFF =

√
31(2N − 2

√
N)

N
· Vc = Vthreshold. (18)

Hence

Vc =
Vthreshold√

62
(

1 − 1√
N

) . (19)

The supply voltage of the drive electronics is determined
by the maximum swing in the addressing waveforms. The
amplitude of the scanning waveforms increases, and that of the
data waveforms decreases as the number of address lines that
are multiplexed is increased in multiline addressing techniques.
Hence, the expression for the supply voltage when N is small
is determined 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.

The maximum amplitude of the data waveforms and scan-
ning waveforms are as follows:

Data voltage (max) =
(

2
√

6 + 4 +
√

2
)
· Vc (20)

Scanning voltage (max) = 2
√

6
√

N · Vc. (21)
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Fig. 1. Typical waveforms when slant (noninteger) wavelets are used to scan the rms responding matrix displays. The scanning and data waveforms have eleven
and eighteen voltages respectively.

Hence, the supply voltage of the drive electronics is as follows:

Vs =
{

(
√

96 + 8 +
√

8)Vc, ∀N < 5√
96N Vc, ∀N ≥ 5

. (22)

The supply voltage for most practical values (N > 5) is
given as follows:

Supply voltage(N≥5) =
√

96N√
62

(
1 − 1√

N

)Vthreshold. (23)

A plot of the supply voltage for this range is shown in Fig. 2.
The analysis presented in this paper is independent of the
scanning sequence, which is 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

Fig. 2. Supply voltages of the technique based on slant wavelets as compared
with that of successive approximation technique.
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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 resistance of the drivers and the capacitance of the pixels)
whenever there is a transition in the waveforms. The number
of transitions in the addressing waveforms is determined by
the scanning sequence. If the RC time constant is large, then
the rms voltages across the pixels will be less due to distortion
in the waveforms. The number of transitions in the addressing
waveforms also determines the power dissipated in the drivers.
It is also preferable to have smaller amplitude of transitions to
reduce the power consumption. The frequency spectrum across
the pixels is also determined by the addressing sequence.

V. HARDWARE COMPLEXITY OF THE DRIVE ELECTRONICS

The technique is demonstrated with a 32 × 32 matrix twisted
nematic (TN) LCD. Although we have used relatively more
complex wavelets as compared to the modified integer Haar
wavelets [7], [8], the hardware complexity of the drive electron-
ics is about the same as that of the integer wavelets, as discussed
in the following sections.

A. Reducing Hardware Complexity of the Row Drivers

The number of nonzero elements in each column of the
orthogonal matrix in (8) is intentionally restricted to only three
to reduce the hardware complexity of the row drivers. The
number of voltages in the scanning waveforms is only four out
of the 11 possible values at a given time. The 11 possible values
are as follows:

+4,+2
√

6,+2
√

3,+
√

2,+1, 0,−2,−2
√

2,−2
√

3,−2
√

6,−4.

Hence, it is adequate to have the following elements in each
stage (corresponding to one output) of the row driver integrated
circuit (IC).

1) A 2-bit shift register to enable serial transfer of data into
the driver IC.

2) A 2-bit latch to hold the data stable during a select time
(and allow serial transfer of the data in the shift register)
so that the desired voltage can be applied to the address
lines. One of the four voltages corresponds to the zero in
the orthogonal matrix, and it is the same as the nonselect
voltage.

3) A 4 : 1 analog multiplexer to select one of the four volt-
ages on the internal bus of the driver IC. The select input
of the multiplexer is the output of the 2-bit latch of the
same stage.

Two 4 : 1 analog multiplexers and a 2 : 1 analog multiplexer
are provided to reduce the hardware complexity of the drivers.
They are common to all stages of the row drivers. They connect
the three nonzero select voltages to the voltage bus in the row
drivers, and they may be located outside the data driver ICs
because multiple number of driver ICs may be used in the dis-
plays. A block diagram of the row driver circuit that can be used
to scan the display is shown in Fig. 3. Hardware complexity

Fig. 3. One stage (i) of the row drivers having a (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
multiplexer that are common to all the stages of the row drivers are useful to
reduce the hardware complexity of the row driver circuit.

of the shift register, latch, and multiplexer is reduced by 50%,
50%, and 64%, respectively, as compared to using a driver
that is capable of selecting one out of eleven voltages using
4-bit shift register, 4-bit latches, and 11 : 1 analog multiplexers
in the driver IC. Addition of three multiplexers (as shown in
Fig. 3) does not increase the hardware complexity of the drive
circuit significantly because the number of rows N in the matrix
display is usually large.

B. Reducing Hardware Complexity of the Column Drivers

The number of voltages in the column (data) waveforms is
24, and a 5-bit shift register, a 5-bit latch, and 24 : 1 analog
multiplexers may be used to generate the column (data) wave-
forms. However, only four or eight voltages are necessary at a
given time, depending on the number of zeros (two or one) in
the select vector. Hardware complexity of the column drivers
can be reduced by using eight 4 : 1 analog multiplexers that are
common to all the data drivers, along with driver ICs (with
3-bit shift register, 3-bit latch and 8 : 1 analog multiplexer in
each stage) that are capable of applying any one of the eight
voltages depending on 3 bits of the data. Hardware complexity
in the column drivers is reduced by 40%, 40%, and 66% for the
shift registers, latches, and analog multiplexers, respectively.
The increase in hardware complexity due to the eight 4 : 1
multiplexers is not significant because the number of columns
(data electrodes) in a display is usually large. A block diagram
of the column driver circuit is shown in Fig. 4.

C. Generation of Data for the Column Driver

Although the column voltage is proportional to the dot prod-
uct of the select vector and the data vector, it is not necessary to
compute this dot product repeatedly while scanning the display.
The result of the dot product of a select vector with any data
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Fig. 4. Drivers with a 3-bit shift register, a 3-bit latch, and an 8 : 1 analog
multiplexer are used as the column drivers considering the fact that the number
of voltages corresponding to each select vector is either eight or four, although
the number of voltages in the data (column) waveforms is 24. We have used
eight 4 : 1 analog multiplexers that are common to all the stages of the data
drivers to avoid using drivers with a 5-bit shift register, a 5-bit latch, and
24 : 1 analog multiplexers. Input voltages to the eight (4 : 1) multiplexers are
normalized to Vc.

vector is only one of the eight or four values for the following
reasons.

1) The number of unique select vectors is limited, and the
rotated versions of a select vector and the select vectors
whose elements differ only in sign and not in magnitude
are not considered to be unique. For example, the vectors
in the following equation are not unique:




−4
0

+2
√

3
+1


 ,




+1
−4
0

+2
√

3


 ,




−4
0

−2
√

3
+1


 ,



−2

√
3

+1
−4
0


 , . . . .

(24)

2) The number of nonzero elements in the select vectors is
either three or two to reduce the hardware complexity of
the column (data) drivers.

3) The elements of the data vectors are either +1 or −1
because they correspond to only 1 bit of the data.

The number of unique select vectors in the orthogonal matrix
of (8) is only four. It is enough to compute the dot products dur-
ing the design of the voltage level generator (VLG). Voltages
from the VLG are inputs to the eight 4 : 1 analog multiplexers
that are common to all column driver ICs. Outputs of the
multiplexers are connected to the voltage bus in the column
drivers. These eight multiplexer select voltages correspond to
one of the four unique select vectors. The data bits correspond-
ing to the nonzero elements are shifted into column driver to

Fig. 5. Photographs of a 32 × 32 matrix display that is capable of displaying
32 gray shades.

Fig. 6. Typical row (scanning) and column (data) waveforms when 32 gray
shades are displayed in a 32 × 32 matrix LCD.

select one of the eight voltages in the bus. Hence, it is not
necessary to compute the dot product, and complex wavelets (if
they are advantageous for other reasons) could be used without
increasing the hardware complexity of the drive electronics
as compared to using integer wavelets [7]. Controller is also
simple when the number of address lines is an integer power of
2, as explained in [8].

D. Implementation

The technique is demonstrated with a 32 × 32 matrix TN
liquid crystal display, and the photographs of the prototype
are shown in Fig. 5. We have used drivers that are capable of
applying one of the eight voltages with an 8 : 1 multiplexer
as both row and column drivers, although it is adequate to
have drivers that are capable of applying only four levels as
row drivers. A controller for refreshing the display was imple-
mented in a complex programmable logic device (XCR 3256
XL) using 106 macrocells, 243 product terms, and 68 registers.
Typical row and column waveforms are shown in Fig. 6, and
the waveform across a pixel is shown in Fig. 7. Response times
were measured when the pixels are switched from a gray to
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Fig. 7. Typical waveform across a pixel (row waveform minus column wave-
form) in the prototype of the display capable of displaying 32 gray shades.

TABLE II
RESPONSE TIMES (IN MILLISECONDS) WHEN PIXELS ARE SWITCHED TO

DIFFERENT GRAY SHADES USING WAVELETS

another, and the results are shown in Table II. The following
information is useful for comparing the response times of
the display under multiplexed (Table II) and nonmultiplexed
conditions. The switch ON and switch OFF times of a cell of
3.9 µm and filled with the liquid crystal mixture RO-TN-403
were 30 and 12 ms, respectively. The voltage across the pixel
was switched to 1.33 V (threshold voltage of the display) and
1.58 V (voltage across an ON pixel when the number of lines
multiplexed is 32) alternately, by applying square waveforms.

VI. COMPARISON WITH OTHER TECHNIQUES

Amplitude modulation needs 62 voltages in the column
waveforms and three voltages in the row waveforms to display
32 gray shades. It takes 4N time intervals (including dc-
free operation) to complete a cycle when the gray shades are
displayed using amplitude modulation technique [5]. A similar
technique called pulse height modulation technique also needs
a large number of voltages in the data waveforms [6]. It is more

TABLE III
COMPARISON OF THE GRAY SHADE TECHNIQUES (32 GRAY SHADES)

appropriate to compare the wavelet-based techniques with the
successive approximation techniques [11], [12] because both
these techniques are based on modulating the energy delivered
to the pixels using several time intervals. A comparison of the
wavelet-based technique with successive approximation tech-
niques is given in Table III. Although the number of voltages
in the waveforms is more when slant wavelets are used, the
hardware complexity of drive electronics can be reduced, as
discussed in this paper.

VII. MERITS AND DEMERITS

Some of the advantages of the technique are as follows.
1) Less number of time intervals as compared to using Haar

wavelets.
2) The ratio of the maximum to minimum response times is

about 2. It is less than that of other techniques.
3) The supply voltage of the wavelet-based technique is less

even when it is compared with successive approximation
technique that is based on selecting four address lines
simultaneously (only three address lines are selected si-
multaneously although the number of rows in a set is
four).

4) The hardware complexity of the data drivers is low (by a
factor of ∼8) as compared to the amplitude modulation
and pulse height modulation.

The disadvantage of this technique are as follows.
1) The number of time intervals to complete addressing is

20% higher than the successive approximation technique
if the DC free condition is ignored.

2) The number of time intervals is 50% more than the
amplitude or pulse height modulations.
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VIII. CONCLUSION

We have shown that the number of time intervals to complete
a cycle can be reduced when the number of gray shades is
16, 32, etc., by using slant wavelets. We have also shown
that the hardware complexity of the drive electronics does not
increase when complex noninteger wavelets are used to scan the
display as compared to the integer wavelets. The techniques for
eliminating repeated computation of the orthogonal transform
of the data and the reduction of hardware complexity can be
applied even when other wavelets are used for scanning the
display.
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