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1. INTRODUCTION

A new type of liquid crystal matrix display has recently become known under the
name ‘“‘supertwist display” due to its 2-3 times higher twist angle of the liquid
crystal structure compared to the standard 90° twisted nematic display. These
displays make use of an electro-optic effect which combines a steep voltage vs.
contrast characteristic with high contrast and brightness values.! Multiplexing of
more than 200 lines has become possible allowing applications in laptop computers
and word processing systems where more than 10° picture elements (“‘pixels”) per
display are required. The upper limit of multiplexable lines has not been determined
and depends on many factors including the material properties of the liquid crystal,
the cell technology and uniformity of the liquid crystal layer. An important factor
is the finite electrode conductivity which has only received brief attention in the
literature.>2~* In this paper we investigate in more detail the influence that the
finite electrical conductivity of the display electrodes has on the multiplexing limit.

Consider a liquid crystal layer with electrodes arranged as a set of M parallel
stripes of width b (in y direction) on the one substrate, the row electrodes, and
another set of N parallel stripes of width b’ (in x direction) on the other substrate,
the column electrodes (Figure 1). In present computer displays typical values are
M = 200 or 240 and N = 640.5 Let the electrical surface resistivity (measured in
Ohms per square) be p for the first set of stripes and p’ for the second set. The
total resistance of a stripe in y or x direction, respectively, is then given by

Riot=p Nb/b 1)

Rigt=p' Mbb' @
87
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FIGURE 1 Row and column electrodes in a liquid crystal matrix display.

The area of overlap of the k-th stripe of the first set with the /-th stripe of the
second set defines the pixel (k,/). The pixel dimensions b and b’ are typically on
the order of 0.5 mm. The surface resistivity of indium-tin-oxide ('ITO’) electrode
layers falls into the range of 10' — 10°Q/[J. Thus, the pixel resistances in y and
x direction

R =pb/b 3)
R'= p' b/bn (4)

are of the order 10! — 103 (). Because of the dielectric anisotropy of the liquid
crystal the electrical capacitance Cy, of the pixel (k,]) depends on the voltage across
the pixel. For simplicity we will assume that at most only two values (C,, or Cu)
may occur, depending on whether the pixel is in the “on’ or “off” state. In addition,
the dielectric anisotropy will be assumed to be frequency independent. If we define

C= (Con + Cot)/2 &)

¥ = (Con - Cott)/Coff » ©

we may write for the pixel capacitance

Cu=TC (1+:- 15 ny) ™

where

+1 ; pixel "on"
lel={ (8)

-1 ; pixel "off"

Assuming a mean dielectric constant of 10, a spacing between the substrates of
d=7pumand b = b’ = 0.5 mm, a value of C = 3 pF is found for the mean pixel
capacitance. v is typically on the order of 1.
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We distinguish two sets of electrical driving signals.® There are M “‘strobe” signals
F(1), (k = 1, ..., M) which are applied to the row electrodes and N “data”
signals G(r), (! = 1, ..., N) which are applied to the column electrodes. All
signals are periodic in time ¢ with a common period T. In addition, we assume

Fyt + T/2) = -Fy () ©)

Gyt + T/2) = -Gy(t) . (10)
The period is typically T = 30 ms which prevents flicker to appear to the human
eye and the half-period sign reversal ensures that no detrimental electrochemical

effects occur in the display. We may define strobe and data signals in the time
interval 0 = t < T/2 as

P; (k-1)t<t<k
F(t) ={ (k1) * 1)
0 ; otherwise

Gy(t) = M PAM; (k-1)t<t<ke (12)

where 7 = T/(2M) is the width of a strobe pulse and P is its height (in volts). In
Figure 2 strobe and data signals as defined by Equations (11) and (12) are shown

FIGURE 2 Strobe and data signals.
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schematically with the black dots in the matrix symbolizing “on’’ pixels. (In actual
displays slight modifications of the strobe and data signals are used so that all
driving signals will be of the same polarity. This modification has practically no
influence on the crosstalk effects to be studied.)

For ideal electrodes (R = R’ = 0), the effective voltage, i.e. the root-mean-
square (rms) voltage, experienced by the pixel (k,/) is given by

V., = ¥2P T 13
Vkl_m 1+m ()

According to this equation, there are two rms voltages present in the matrix: an
“on” voltage when m,, = 1 and an “off” voltage when m,, = —1. Equation (13),
however, is no longer valid when R and R’ are different from zero. A voltage
distribution will then exist such that different voltages are seen by different “on”
pixels and by different “off”” pixels, respectively. Some “on” pixels may even
experience lower voltages than “off” pixels. In the following these effects will be
studied.

2. DISCRETE ELEMENT MODEL

In order to compute the voltage distribution in a multiplexed liquid crystal matrix
display, we describe each row electrode of Figure 1 by a series of N resistors of
size R and each column electrode by a series of M resistors of size R’. R and R’
are given by Equations (3) and (4). Rows and columns are connected by the liquid
crystal capacitors C,, as shown in Figure 3. The finite ohmic resistivity of the liquid
crystal will not be taken into account.

We expand the driving signals (11) and (12) into Fourier series

“‘='°°
G = ) By, cihoet (15)
“’='°°

where w, = 2n/T. The Fourier coefficients A, , and B, are different from zero
only for odd values of p. In addition, A, , = (A4 _-,)* and B, = (By, _,)* with
the asterisk indicating the complex conjugate. For the purpose of computing rms
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A

FIGURE 3 Schematic of the discrete element model of a liquid crystal matrix display.

voltages, we may thus replace the system (14)-(15) by the equivalent system

Ugo(® = ¥ o 3 6100t (16)
A=1

Voil®) = Y vorp et an
A=1

where

_2V2P . (A-DRion kM
uko‘x—(zx-.')n sin oM €

(18)

M
_242pP s._(2?»-1)1t 1 Y g e i@A-NmoM

YA T oy T 2M VM & (19

We denote the electric potentials on the two sides of a pixel capacitor C,, by Uy,
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(strobe side) and V,, (data side). Both potentials may be expanded into series
corresponding to those of Equations (16) and (17) with the Fourier coefficients
denoted by uy,, and v, respectively. Considering the current flow in the network
of Figure 3, it is easy to deduce that the following relations hold between the
Fourier coefficients of a given index \:

N
©g-a - SR =i Y Crollign - Vkon)  (20)
o=l
M
(Vg - VR =i@A-D0, XCuua-vua) - @1)
u=k

Here i is the imaginary unit. It is the meaning of Equation (20) that the current
flowing through the /-th resistor (counted from the left in Figure 3) of the k-th row
is equal to the sum of currents through the capacitors Cy;, Cyigurys - - - » Cin
Correspondingly, Equation (21) refers to the current through the k-th resistor in
the I-th column. Using Equation (7) and subtracting two Equations (20) which
differ by 1 in the index / and two Equations (21) which differ by 1 in the index k
leads to the following recursion formulas for the determination of u,;, and vy, ,:

uk(l+1)’l - ZUHA + uk0-1).x = i(27\.-1) r (1 kL‘Y'"Z T‘k]) (ukl’x - vkl,l) (22)

Va2Vt Vi = -i@A-) T (1 *’;I—z M) @ - Viap)  (23)

where I' and I'" are dimensionless parameters defined by
r=w,RC, TI'=0,RTC. (24)

The boundary conditions are given by Equations (18) and (19) and by the following
Equations (25):

UeN+1)A = BN » YM+ILA = YMIA (25)

The rms voltage effective at the pixel (k,!) is obtained from

V= z |1 - Vi 2 (26)
=1
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We notice from Equations (18)-(19) and (22)—(26) that the voltage distribution in
a multiplexed M X N matrix is governed by the information pattern v, the
anisotropy <y of the “on”/*“off”” capacitances, and the parameters I" and I"'.

3. RESULTS

We have solved Equations (22)—(23) numerically for various matrix sizes and in-
formation patterns assuming different values for I', I and y. A typical result is
shown in Figure 4 for a 45 X 45 matrix displaying the letters of the alphabet.
I' =T"'" = 10"° and y = 1.0 has been assumed for the computation. In Figure 4
the voltage distribution has been made visible using a six step greyscale with brighter
pixels corresponding to higher voltages. The most pronounced feature, which may
also be found in actual displays, is the strong voltage drop in columns with a frequent
change of ““on” and “off”” states.2 Such columns are addressed by higher frequency
data signals than columns with fewer changes of “on” and “‘off” pixels, and higher
frequencies are attenuated more strongly. For the I value chosen, some “on” pixels
close to the lower edge of the matrix experience voltages nearly as low as an “off”
pixel. For square pixels with C = 3 pF and w, = 200 Hz, the value ' = 10-3
corresponds to a surface resistivity of 17 kQ/[].

In order to find a general rule on how small the electrode resistivity has to be
if no sizable voltage drop is to occur in a matrix of a given size, we have investigated
the unfavorable case (frequent “on”/‘off” changes) of the micro-checkerboard
pattern
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T3 Tl
1
I

NS IBAERN |
o EEE 1 414
1l

|

IEEEEEE]

11
L
|

il [11
1
|
1

|
Al L

RS
1111

FIGURE 4 Computed voltage distribution in a 45 X 45 matrix (I' = I = 10-%, y = 1). Increasing
voltage is indicated by brighter pixels.
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FIGURE 5 Critical values I'; (see text) for square matrices as function of matrix dimension M (I’ =
r'y=0,1,2).

having an “on” pixel in the upper left corner. Assuming again I' = I, we have
determined the critical value I', for which the highest “off” voltage occurring in
the matrix is equal to the lowest “on’ voltage. An upper limit for the electrode
resistivity is then obtained from the condition I' = I'" << T'.. The result of the
computation obtained for square matrices of up to 200 X 200 pixels is shown in
Figure 5 for y values of 0, 1.0 and 2.0. Evaluation of the linear relationship between
log(T",) and log(M) leads to

T.=wM? (28)

with z = 3.5 and w = 9.3, 3.8 and 3.0 for the three vy values 0, 1.0 and 2.0. It thus
follows the rule that an increase of the matrix size from M X M to (ZM) x (2M)
increases I', by a factor of about 10. Also, higher values of vy entail lower values
of I'.. For a simple one-dimensional RC network one would expect an exponent
z = 3, taking into account that the data frequency of the micro-checkerboard
increases proportional to M. The higher exponent reported here is a consequence
of the more complicated network.

Considering the case M = N = 200 with y = 1.0, we obtain from Equation
(28) that T', = 3.4 x 10~8. Using again a typical frame frequency of w, = 200 Hz
and C = 3 pF we deduce that the electrode resistivity should be well below 50
QM. For M = N = 400 the corresponding value would be 5 Q/1]. Since ITO
layers with surface resistivities as low as 1 {}/[Jhaving adequate optical transmission
are not readily available, it can be concluded that 400 line displays will require
some augmentation of the electrode conductivity, perhaps through the addition’ of
fine-line metallization to the electrodes.
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In addition to square matrices we have also studied crosstalk effects in rectangular
matrices. Considering again a micro-checkerboard pattern, it was found that I,
decreases by a factor of about 10 when the matrix size increases from M X M to
M X (4M). Practically this effect could be reduced by driving the matrix rows from
both sides either with a dual set of drivers or a wrap-around sheet of flex connector.

4. CONCLUDING REMARKS

The results reported in the preceding chapter are based on the model shown in
Figure 3. While the description of the electrodes by discrete resistors is a good
approximation, in a refined model the description of the voltage dependence of
the pixel capacitors would have to be improved. A complete study of crosstalk
effects also requires the inclusion of the frequency dependence of the dielectric
anisotropy’ and the output impedances of the driver circuits.
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