US 20140240268A1

a9y United States

12) Patent Application Publication (o) Pub. No.: US 2014/0240268 A1

den Boer

(43) Pub. Date: Aug, 28,2014

(54)

(1)

(72)

(73)

1)

22)

(63)

(60)

THIN-FILM TRANSISTOR LIQUID-CRYSTAL
DISPLAY WITH VARIABLE FRAME
FREQUENCY

ScanVue Technologies, LL.C, Brighton,
MI (US)

Willem den Boer, Brighton, MI (US)

Applicant:

Inventor:

ScanVue Technologies, LL.C, Brighton,
MI (US)

Assignee:

Appl. No.: 14/271,034

Filed: May 6, 2014

Related U.S. Application Data

Continuation-in-part of application No. 13/270,140,
filed on Oct. 10, 2011, now Pat. No. 8,730,226.

Provisional application No. 61/410,305, filed on Nov.
4,2010.

f[ RECEIVE NEW IMAGE FRAME )
A |

o
:

COMPARE NEW IMAGE FRAME TO
PREVIOUS

Publication Classification

Int. CI.
G09G 3/36
GOGF 3/041
US. ClL
CPC ... G09G 3/3655 (2013.01); GOIG 3/3696
(2013.01); GO6F 3/041 (2013.01); GO6F
3/0416 (2013.01); GO9G 2300/08 (2013.01);
G09G 2300/0478 (2013.01); GO9G 2330/023
(2013.01); GO9G 2360/08 (2013.01)
............................................. 345/173; 345/92

(7) ABSTRACT

An active matrix includes an array of pixels individually
addressable over a first frame-frequency range and over a
second, higher frame-frequency range. The active matrix also
includes, for each pixel of the array, a charging circuit through
which that pixel is addressed. Each charging circuit includes
an adjustable storage capacitance and is configured such that
the storage capacitance is maintained at a first level over the
first frame-frequency range, and at a second, lower level over
the second frame-frequency range.
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THIN-FILM TRANSISTOR LIQUID-CRYSTAL
DISPLAY WITH VARIABLE FRAME
FREQUENCY

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 13/270,140, filed Oct. 10, 2011
and entitled THIN-FILM TRANSISTOR LIQUID-CRYS-
TAL DISPLAY WITH VARIABLE FRAME FREQUENCY,
which claims priority to U.S. Provisional Application 61/410,
305, filed Nov. 4, 2010 and entitled PIXEL DESIGN FOR
THIN FILM TRANSISTOR LIQUID CRYSTAL DIS-
PLAYS WITH VARIABLE REFRESH RATE, the entirety of
both of which are hereby incorporated by reference herein for

all purposes.

TECHNICAL FIELD

[0002] This application relates to the field of digital display
electronics, and more particularly, to reducing power con-
sumption in a liquid-crystal display (LCD).

BACKGROUND

[0003] Low power consumption is desirable for any
LCD—especially one installed in a mobile device such as a
notebook computer or smart phone. In these devices, power
consumption in the LCD significantly affects battery life.
[0004] Inaconventional LCD array, each column of pixels
is accessed through a data line. The capacitance of the data
line is repeatedly charged and discharged at a frequency of
N, .i., times the frame frequency, where N_,, ., is the number
of rows of the array. A frame frequency of 60 Hertz (Hz) is
conventionally used to display video. For static images, how-
ever, a much lower frame frequency would suffice, the lower
frame frequency demanding less frequent capacitive charging
and therefore consuming less power.

[0005] To operate a conventional pixel array at a reduced
frame frequency, however, the leakage current through each
pixel and associated thin-film transistor (TFT) must be sup-
pressed so that the image is retained over a longer period
between successive refresh events. It has been demonstrated
that obliquely evaporated SiO,, liquid-crystal alignment lay-
ers, having increased ionic impurity adsorption, may improve
voltage holding in an LCD array. This feature may enable the
pixels of the display to operate at refresh frequencies as low as
1 Hz. TFT I ;may be reduced to less than 10 femtoamperes
(fA) in a recently developed, optimized oxide TFT. In addi-
tion, a TFT engineered with an especially narrow channel
(low in width-to-lengthratio) may exhibit attractively low I
[0006] To display video, however, I, must remain high
enough to charge the pixels at the conventional frame fre-
quency (e.g., 60 Hz). All told, this would require an 1,,/1,»
ratio of at least eight orders of magnitude. In a manufacturing
environment, such a ratio may be difficult to achieve, espe-
cially when photo-leakage current in the TFT is taken into
account.

SUMMARY

[0007] Accordingly, one embodiment of this disclosure
provides an active matrix including an array of pixels indi-
vidually addressable over a first frame-frequency range and
over a second, higher frame-frequency range. The active
matrix also includes, for each pixel of the array, a charging
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circuit through which that pixel is addressed. Each charging
circuit includes an adjustable storage capacitance and is con-
figured such that the storage capacitance is maintained at a
first level over the first frame-frequency range, and at a sec-
ond, lower level over the second frame-frequency range.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIGS. 1 and 2 show a mobile device in accordance
with an embodiment of this disclosure.

[0009] FIG. 3 shows an LCD array and controller in accor-
dance with an embodiment of this disclosure.

[0010] FIG. 4 summarizes power consumption for an
example LCD array.

[0011] FIG. 5 shows an LCD array in greater detail in
accordance with an embodiment of this disclosure.

[0012] FIG. 6 shows a cross section of a pixel and a charg-
ing circuit in accordance with an embodiment of this disclo-
sure.

[0013] FIG. 7 shows in plan a pixel and charging circuit in
accordance with an embodiment of this disclosure.

[0014] FIG. 8 schematically shows a charging circuit in
accordance with an embodiment of this disclosure.

[0015] FIG. 9 shows a simulated voltage waveform at node
P of FIG. 8 at a 60-Hz frame frequency, in accordance with an
embodiment of this disclosure.

[0016] FIG. 10 shows a simulated voltage waveform at
node P of FIG. 8 at a 6-Hz frame frequency, in accordance
with an embodiment of this disclosure.

[0017] FIG. 11 schematically shows another charging cir-
cuit in accordance with an embodiment of this disclosure.
[0018] FIG. 12 schematically shows yet another charging
circuit in accordance with an embodiment of this disclosure.
[0019] FIG. 13 illustrates an example method for driving an
active-matrix display in accordance with an embodiment of
this disclosure.

[0020] FIG. 14 schematically shows a combined LCD
array/touch-sensing stack in accordance with an embodiment
of this disclosure.

DETAILED DESCRIPTION

[0021] Aspects of this disclosure will now be described by
example and with reference to the illustrated embodiments
listed above. Components, process steps, and other elements
that may be substantially the same in one or more embodi-
ments are identified coordinately and are described with
minimal repetition. It will be noted, however, that elements
identified coordinately may also differ to some degree. It will
be further noted that the drawing figures included in this
disclosure are simplified for clearer understanding and gen-
erally not drawn to scale. Rather, the various drawing scales,
aspect ratios, and numbers of components shown in the fig-
ures may be purposely distorted to make certain features or
relationships easier to see.

[0022] FIGS. 1 and 2 show, respectively, front and side
views of an example mobile device 10. The mobile device
may be a tablet computer, a personal media player, an e-book,
or a smart phone, for example. The mobile device may be
configured to display video, still graphics, text, and/or other
image data. To this end, the device includes LCD array 12
disposed in front of backlight 14. The LCD array and back-
light are operatively coupled to controller 16, which provides
appropriate electronic control signals to enable the desired
image data to be displayed. In some embodiments, the con-
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troller may be a microcomputer having memory, one or more
processors, networking componentry, and the like.

[0023] FIG. 3 schematically shows LCD array 12 and con-
troller 16 in greater detail. In the illustrated embodiment, the
LCD array is an active matrix comprising individually
addressable color pixels 18. The controller includes suitable
drive componentry configured to individually address each
pixel of the array. In various embodiments, the drive compo-
nentry may be configured to address the pixels at a switch-
able, or otherwise variable, frame frequency. In the embodi-
ment of FIG. 3, the drive componentry includes data driver 20
and select driver 22. As shown in FIG. 3 and described in
further detail hereinafter, the data driver drives a plurality of
data lines 24 coupled each to a corresponding column of the
LCD array. The select driver drives a plurality of select lines
26 coupled each to a corresponding row of the LCD array.
[0024] Table 1 lists example operating parameters for a
seven-inch, normally white, twisted-nematic, backlit LCD
panel in which each pixel is addressed through a TFT.

TABLE 1

Display parameters for an example backlit LCD

Diagonal size 7 inches
Resolution svga, 800 (rgb) x 600
Pixel aperture ratio 48.2%
Display luminance 296 nits

Cell transmittance 5.68%

Total power consumption
Pixel capacitance

1515 milliwatts (mW) for black screen
0.095 picofarads (pF)

Data voltage swing 0-10 volts
Drive method dot inversion
Frame frequency 60 Hz
(frame frequency)

Data line capacitance 45 pF

[0025] FIG. 4 summarizes power consumption for the sys-
tem of Table 1; it shows that the data driver consumes 343
mW—i.e., 23% of the total power under black-screen condi-
tions. In an LCD having no backlight—e.g., a reflective or
transparent LCD—the data driver may be the largest power
consumer.

[0026] Most of the power supplied to the data driver is
dissipated in charging the data lines—viz.,

2
P o fCaaral,"an 0
datalines = fa

where C,, ;... 15 the combined capacitance of the data lines
(108 nanofarads (nf) for 2400 data lines in this example), fis
the data-line frequency (the frame frequency times number of
select lines, 36 kHz in this example), and V is the voltage
swing on the data lines. As shown above, P, ... 1is propor-
tional to the frame frequency. The power dissipated within the
data driver itself is also approximately proportional to the
frame frequency. Accordingly, power consumption in the
LCD can be reduced significantly by lowering the frame
frequency. In particular, a lower frame frequency of 1 to 6 Hz,
for example, may be used to maintain a static image, reducing
power consumption in the data driver by a factor of ten or
more. For video, text entry, updates after touch events, scroll-
ing, etc., the frame frequency may be restored automatically
to a higher rate. In this manner, the frame-rate reduction may
go unnoticed by the user.
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[0027] To obtain an accurate, uniform gray scale and pre-
vent flicker, an alternating-current (AC) square wave with
data-voltage amplitude and with little or no direct-current
(DC) offset should be applied to each pixel. To thisend, a TFT
charges each pixel to the appropriate data voltage and is
subsequently switched off, so that the pixel electrode and TFT
drain are left floating. To maintain an AC square wave on each
pixel, the voltage holding ratio (VHR in equation 2) should be
close to 100%.

0.5 X lipar X Trame 2
VHR = 100%><(1— #] @

Ca+Cre

[0028] Inequation2,t,,, is the frame time (the inverse of
the frame frequency), 1., 1s the leakage current associated
with the pixel, C, . is the capacitance of the pixel itself (i.e.,
the sandwich structure formed by two transparent electrodes
and a liquid crystal between them), and C,, is the storage
capacitance arranged parallel to the pixel. The leakage cur-
rent is the sum of several components—viz.,

Lear™Logrrrlieas cHiearcse 3

where ],z is the off current of the associated TFT, [, 1/ 15
the leakage current through the pixel itself, and I, .., is the
leakage current through the C,, capacitance. For high-quality
dielectrics, 1, 1s being assumed to be negligible com-
pared to the leakage currents 1, zrrpand I, 4 ¢

[0029] Based on equation 2, a large Cj, is desirable at low
frame frequencies (long t4.,,,.) to optimize the voltage hold-
ing ratio. A large C,, would make it difficult, however, for a
TFT to charge a pixel to the required data voltage at a con-
ventional (e.g., 60 Hz) frame frequency. Accordingly, C,, is
made variable in the embodiments disclosed herein—a larger
capacitance being provided at low frame frequencies and a
smaller capacitance at higher frame frequencies.

[0030] FIG. 5 schematically shows an embodiment of LCD
array 12 in greater detail. Associated with each pixel 18 of the
array is a corresponding charging circuit 28, through which
that pixel is addressed. To address the pixels, a data line 24 is
connected to each charging circuit of every column of pixels;
a select line 26 is connected to each charging circuit of every
row of pixels. In addition to the data and select lines, capaci-
tance-control line 30 (C,, ENABLE) and common-voltage
line 32 (V,,,) are connected to each charging circuit.

[0031] Examplepixel 18 and charging circuit 28 are shown
in cross section in FIG. 6, in plan in FIG. 7, and illustrated
schematically in FIG. 8. It will be noted, however, that the
particular circuits and structures shown here in no way limit
the scope of this disclosure, as other circuits and structures
may be used to the same or similar ends. For instance, while
the description herein makes reference to the twisted-nematic
(TN) mode of liquid-crystal display, the present disclosure is
equally compatible with vertical-alignment (VA) and
in-plane switching (IPS) modes.

[0032] In FIG. 6, each pixel 18 includes liquid-crystal 34
sandwiched between transparent pixel electrode 36 and trans-
parent shared electrode 38. The liquid crystal may be of any
variant suitable for display applications; it may comprise a
TN liquid crystal material in one embodiment. The shared
electrode and the pixel electrode may each comprise any
suitable, optically transparent conductor, such as indium tin
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oxide (ITO). The pixel electrodes of LCD array 12 are iso-
lated from each other, while the shared electrode extends over
a plurality of pixels.

[0033] Continuing in F1G. 6, pixel electrode 36 and various
components of charging circuit 28 are arranged on a first glass
sheet 40, which faces backlight 14 and receives light there-
from. Shared electrode 38 is formed on a second glass sheet
42 aligned parallel to the first. In the illustrated embodiment,
the first glass sheet supports a first polarizing filter 40P, and
the second glass sheet supports a second polarizing filter 42P.
The polarization planes of the two filters may be aligned
orthogonally to effect a ‘normally white’ display, in which
pixel 18 is maximally transmissive (in TN mode) with the
pixel and shared electrodes unbiased. In this embodiment,
transmittance in the unbiased state is due to a ninety-degree
rotation of the light as it traverses liquid crystal 34. Voltage
applied between the shared electrode and the pixel electrode
disrupts the alignment of the liquid crystal, effecting less
rotation of the light, thereby reducing transmittance through
the pixel.

[0034] As shown in the drawings, each charging circuit 28
includes a pixel-selecting transistor 44 having a source 445, a
drain 44D, and a gate 44G. The source of the pixel-selecting
transistor is connected to data line 24, the drain is connected
to pixel electrode 36, and the gate is connected to select line
26. Each charging circuit also includes a capacitance-control
transistor 46 having a source 46S, a drain 46D, and a gate
46G, as further described hereinafter. In one embodiment,
both the pixel-selecting transistor and the capacitance-control
transistor are amorphous-silicon (a-Si), TFTs. The illustrated
TFT configuration can be manufactured using five to seven
mask steps.

[0035] Inthe illustrated embodiment, dielectric 48 is sand-
wiched between pixel electrode 36 and a transparent auxiliary
electrode 50 to form an auxiliary capacitor 52. Like pixel
electrode 36 and shared electrode 38, auxiliary electrode 50
may also comprise ITO. For embodiments in which an oxide
TFT backplane is used with IGZO (indium gallium zinc
oxide) TFTs, the number of process steps used to form the
TFTs may be reduced by using IGZO as one of the transparent
conductors. For example, IGZO may be deposited during a
step in which the active semiconductor layer of the TFT and
transparent electrode are deposited. While IGZO in a TFT is
asemiconductor with high resistivity, IGZO at the transparent
electrode location can be converted into a conductive layer
via exposure to a plasma (e.g., of H, or He).

[0036] For embodiments in which a low temperature poly-
silicon (LTPS) TFT LCD is formed, auxiliary capacitor 52
may be formed between a section of a poly-Si layer and gate
metal, with a gate insulator interposed therebetween as a
dielectric. The poly-Si layer may be made conductive viaion
doping or ion implantation, for example. The gate dielectric
may be Si0,, for example, and may be relatively thin (e.g., 50
to 100 nm) so that the capacitance per unit area is high to
achieve a high auxiliary capacitance. Such a configuration
may mitigate an increase in the number of process steps used
to form an LTPS backplane.

[0037] Alternatively, in an LTPS TFT LCD employing a
relatively thick (e.g., about 3 pm) polymer interlevel dielec-
tric to increase pixel aperture ratio, two transparent electrodes
may be deposited and patterned on top of the polymer inter-
level dielectric. The two transparent electrodes may be sepa-
rated by a thin inorganic dielectric to create the auxiliary
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capacitance, and at least one of the transparent electrodes may
overlap the buslines to maximize pixel aperture ratio.

[0038] Inoneembodiment, dielectric 48 may comprise the
same material as the gate-insulation and/or passivation layer
of the pixel-selecting and/or capacitance-control transistors.
In other embodiments, the dielectric may comprise a different
material—e.g., tantalum oxide—and it may be situated dif-
ferently. For example, instead of being directly coupled to the
pixel electrode, the dielectric may in some cases be coupled to
an opaque conductor linked to the pixel electrode. Accord-
ingly, the auxiliary electrode need not be transparent in every
embodiment.

[0039] In the illustrated embodiment, source 46S of the
capacitance-control transistor is connected to auxiliary elec-
trode 38; drain 46D is connected to common-voltage line 32,
which is also connected to shared electrode 38; and gate 46G
is connected to capacitance-control line 30. Turning again to
FIG. 6, charging circuit 28 also includes a permanent capaci-
tor 56 connected in parallel to pixel 18. In the illustrated
embodiment, the permanent capacitor is formed by drain 46D
and the portion of pixel electrode 36 directly opposite the
drain, with dielectric 48 sandwiched in between. In such
embodiments, the size of auxiliary electrode 38 relative to
drain 46D may be chosen such that the capacitance of auxil-
iary capacitor 52 is much greater than the combined capaci-
tance of permanent capacitor 56 and pixel 18—i.e,
C,>>Cs,+C; . In other embodiments, a deliberately engi-
neered permanent capacitance may be omitted, such that C,;
can be negligible, or substantially zero.

[0040] With its permanent capacitor 56 and decoupleable
auxiliary capacitor 52, charging circuit 28 provides, effec-
tively, an adjustable storage capacitance, as shown schemati-
cally in FIG. 8. At the higher, conventional frame frequencies
(e.g., 60Hz),C_, may be disconnected fromV __ ,, by keeping
capacitance-control transistor 46 off, so that node A is
allowed to float, and ultimately follows node P. Under these
conditions, C,,, is not charged when the pixel is updated. At
the lower frame frequencies (e.g., 1 to 6 Hz), the capacitance-
control TFT is switched on, connecting node Ato'V_,,,.. The
large capacitance of C_,, ensures that during the long frame
time at low frame frequencies, the root-mean-square (RMS)
voltage drop at pixel node P is less than a gray level (5 to 10
mV), even for a liquid crystal and TFT with non-optimized
leakage, provided that the C_,, leakage is much lower. For
static images, the higher capacitance may be used along with
a low frame frequency, for decreased power consumption in
the data driver. For dynamic images, including video, the
lower capacitance may be used along with a higher frame
frequency. To this end, controller 16 may include suitable
capacitance-control componentry configured to maintain the
storage capacitance of each charging circuit at a first level
over a first frame-frequency range, and at a second, lower
level over a second, higher frame-frequency range. Capaci-
tance-control line 30 may be connected to such componentry.

[0041] The desired value of C,,, depends on the lower
frame frequency. For example, if the frame frequency for
static images is 6 Hz, both the frame time and line-select time
are increased tenfold relative to high frame-frequency condi-
tions. The total pixel capacitance may be increased tenfold as
well to maintain an RMS voltage drop less than the gray level
during the hold time. Accordingly,

Co=9%(Cor+Cr0) (C)
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[0042] The small RMS voltage drop at low frame frequen-
cies also eliminates flicker at 3 or 6 Hz. Here capacitance-
control transistor 46 is ON, which may cause a threshold
voltage shift in some types of TFTs (including a-Si TFTs).
The threshold voltage shift can be minimized by balancing
the on and off state of the capacitance-control transistor. In
some embodiments, a negative bias may be left on the C_,
ENABLE line when the display is not in use. In this and other
embodiments, dot inversion driving may help to eliminate
flicker at both high and low frame frequencies.

[0043] In the case of transreflective LCDs, the extra TFT
for switching C_,,, as well as the extra control line, can be
hidden under the reflective part of the pixel electrode. In
LCDs with patterned photo spacers, the extra circuitry can
also be routed under the photo spacer. C,, and C,,, may also
be connected to the next gate line, rather than to V__ . This
eliminates the V_,, line in charging circuit 28 and improves
the aperture ratio of the display. Another option is to replace
the ITO-ITO storage capacitance described hereinabove with
asmall-area storage capacitance having a high dielectric con-
stant, low leakage dielectric, such as tantalum oxide.

[0044] Thecircuit shown in FIG. 8 was investigated using a
Simulation Program with Integrated Circuit Emphasis
(SPICE). Pixel-selecting transistor 44 and capacitance-con-
trol transistor 46 were each modeled as an a-Si TFT with a
mobility of 0.5 square centimeters per volt-second and a
threshold voltage of 2.5 volts. Table 2 shows additional mod-
eling parameters.

TABLE 2

Parameters for SPICE simulation of the circuit of FIG. &

W/L channel width/length both TFTs 10/4 micrometers
Cre LC capacitance 0.2 pF
Rogrer off (leakage) resistance of TFT 1E+13 ohm
Rie LC leakage resistance 1E+13 ohm
Cyi permanent storage capacitance 0.2 pF
Cip auxiliary storage capacitance 3.6 pF
at 6 Hz
Vs high select on voltage 20V
Vs iow select off voltage -5V
VD high high data voltage 8V
V5 iow low data voltage ov
Veou common-voltage line and color ~4 vV
filter plate
Crame frame time for 60 Hz/6 Hz frame 16.7/167 millisecond
frequency
Coo voltage on C,, control TFT for -5VR0V
ENABLE 60 Hz/6 Hz
Nieteer number of select lines (pixel rows) 600
[0045] FIGS. 9 and 10 show results of the simulation for

high and low frame frequencies, respectively. In both figures,
the pixel voltage is plotted versus time for conditions in which
C,,; 1s enabled (dashed plot) and for conditions in which C_,,
is disabled (dot-dashed plot). The requirement of a square
wave with data-voltage amplitude across the pixel is achieved
at 60 Hzonly when C,, is disabled and at 6 Hz only when C,
is enabled. With C_,, enabled at 60 Hz, the access TFT cannot
fully charge the pixel within the short line select time; with
C,,, disabled at 6 Hz, the RMS voltage on the pixel drops
significantly during the long frame time due to the leakage in
the transistor and the pixel. In addition, the pixel voltage shift
after switching off the gate is ten times smaller when C_,, is
enabled than when C,,, is disabled. Accordingly, V_,,, may be
adjusted when switching between modes to maintain a pure
AC voltage with no DC component across the LC.

Aug. 28,2014

[0046] At high frame frequencies, the data-line capacitance
is given by
Croaanr=Caamatine*CrctCons (©)

and at low frame frequencies, the data-line capacitance is
given by

Croaanr=Caatatinet CretCon+Cop (6

Since the data line capacitance, which is the sum of row-
column crossover capacitances, gate-source capacitances,
and pixel-to-data line capacitances of all pixels on one col-
umn (data line), is much larger than C, ., C,; and C_,, com-
bined, there is less than 3% difference between C,_,,,, and
C,,ua1 (see also Table 1). Therefore, power consumption in
the data driver is substantially to proportional to frame fre-
quency.

[0047] Charging circuit 28 may be modified in various suit-
able manners without departing from the scope of this disclo-
sure. FIG. 11 shows an example of one such modification in
which the capacitance-control line (e.g., 30 from FIG. 8) and
the common-voltage line (e.g., 32 from FIG. 8) are combined
into a single common-voltage line 58 to form a charging
circuit 60. As depicted therein, a voltage V__,,,, across pixel
electrode 36 and shared electrode 38 may differ fromV_,,, on
a TFT backplane. In addition to combining the capacitive-
control line and the common-voltage line, the source and gate
of the TFT controlling the auxiliary capacitance may be
shorted—for example, source 46S and gate 46G of capaci-
tance-control transistor 46 of FIG. 6 may be shorted. Charg-
ing circuit 60 may be particularly employed in a TN or VA
display. A display employing charging circuit 60 may exhibit
an increased pixel aperture ratio and luminance relative to one
in which charging circuit 28 of FIG. 8 is employed. When a
voltage V. on an a-Si TFT backplane is high, the control
TFT may conduct and the auxiliary capacitance may be acti-
vated for the low frame frequency condition. When V__, is
low, the auxiliary capacitance may be deactivated for the high
frame frequency condition.

[0048] FIG. 12 schematically shows another charging cir-
cuit 62 in accordance with an embodiment of this disclosure.
As shown therein, common-voltage line 32 and capacitance-
control line 30 are shared between adjacent pixels. Here,
common-voltage line 32 runs parallel to a plurality of data
lines 24, two of which (labeled “data;” and “data,,,” are
shown in FIG. 12, while capacitance-control line 30 runs
parallel to a plurality of select lines 26. Relative to other
configurations such as the one shown in FIG. 8, the number of
common-voltage lines and capacitance-control lines are each
reduced by a factor of two, increasing the aperture ratio and
luminance of a display employing charging circuit 62. Charg-
ing circuit 62 may be used with a typical RGB color filter
arrangement, or other arrangements such as an RGBW quad
filter arrangement for increased optical efficiency. Such an
arrangement may include groupings of four square subpixels,
though other subpixel geometries and arrangements are pos-
sible without departing from the scope of this disclosure.
[0049] The configurations described above enable various
methods for driving an active-matrix display. Accordingly,
some such methods are now described, by way of example,
with continued reference to the above configurations. It will
be understood, however, that the methods here described, and
others fully within the scope of this disclosure, may be
enabled by other configurations as well.

[0050] FIG. 13 illustrates an example method 64 for driving
an active-matrix display, the display including an array of



US 2014/0240268 Al

pixels individually addressable by drive componentry over a
first frame-frequency range and over a second, higher frame-
frequency range. As described hereinabove, a charging circuit
with an adjustable storage capacitance is provided for each
pixel of the display.

[0051] At 60 of method 64, a new image frame is received
into one or more memory segments of a controller that pro-
vide a signal to the drive componentry of the LCD. At 68 the
new image frame is compared to one or more previous image
frames. At 70 it is determined whether the rate of change of
the image exceeds a predetermined threshold. As further
described below, the first and second frame-frequency ranges
may be selected based on the rate of change of the image.
[0052] In one embodiment, the action at 70 may comprise
determining how long the image remains unchanged. Here,
the rate of change will vary inversely as the lifetime of the
unchanged image. In another embodiment, the rate of change
may be a binary value reflecting, simply, whether the current
image frame exactly matches the previous image frame. The
rate of change is zero ifit does and one otherwise. In any case,
if the rate of change does not exceed the predetermined
threshold, then the method advances to 72; otherwise, the
method advances to 88.

[0053] At 72 of method 64, the C,, ENABLE line is set to
a high (e.g., positive) level, and at 74, a low frame frequency
is selected. The low frame frequency may be selected from a
first frame-frequency range, which includes frequencies of 1
to 7 Hz. The high level on the C,, ENABLE line causes the
data line to charge the C,,, capacitance every time the pixel is
charged. Accordingly, the storage capacitance of each charg-
ing circuit is maintained at a first level over the first frame-
frequency range. At 76, V., 1s adjusted to a higher value to
reduce the DC offset across each pixel at low frame frequen-
cies.

[0054] FIG. 13 shows optional steps 78 and 80 that may be
performed for embodiments in which method 64 is used to
drive a display thatincludes a touch sensor. More specifically,
steps 78 and 80 may be employed to reduce noise in signals
outputted from the touch sensor. Such noise may be caused by
the driving of a proximate LCD array. Turning briefly to FIG.
14, a combined LCD array/touch-sensing stack 82 in accor-
dance with an embodiment of this disclosure is shown. As
depicted therein, a touch sensor 84 is positioned above LCD
array 12 and configured to sense touch input applied to and/or
proximate a surface of the combined stack. In some embodi-
ments, touch sensor 84 comprises a plurality of conductive
transmit and receive electrodes. Each of the transmit elec-
trodes may be coupled to respective drive circuits, while each
of the receive electrodes may be coupled to respective detect
circuits such that the transmit electrodes may be selectively
driven (e.g., successively) and currents and/or voltages result-
ing in the receive electrodes detected to sense touch input.
Touch sensing in this manner may be facilitated by operating
the drive and detect circuits via a controller 86, which is
shown as also operating the LCD array, although respective
controllers for the touch sensor and LCD array may be pro-
vided. Further, the combined stack may include other com-
ponents not shown, including but not limited to a touch sheet
positioned above the touch sensor and/or an optically clear
adhesive (OCA).

[0055] For implementations in which touch sensor 84 and
LCD array 12 are simultaneously driven to provide concur-
rent graphical output and touch sensing, high-frequency sig-
nals used to drive the LCD array may introduce noise to
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signals generated by the touch sensor, reducing the accuracy
of touch sensing. Returning to FIG. 13, optional steps 78 and
80 of method 64 may be employed to mitigate these issues. At
78, the LCD array, and not the touch sensor, is actively driven
for a first duration of a frame. Actively driving the LCD array
may include, for example, supplying high-frequency signals
to the LCD array. At 80, the touch sensor, and not the LCD
array, is actively driven for a second duration of the frame,
which may not overlap the first duration—for example, the
second duration may be the remaining duration of the frame
following the first duration. Actively driving the touch sensor
may include, for example, driving the transmit electrodes of
the touch sensor. Here, an increase in frame time due to the
selection of a low frame frequency at 74 is leveraged to
separate LCD array and touch sensor operation. For example,
areduction in frame frequency from 60 Hz to 6 Hz increases
the frame time from 16.7 ms to 167 ms; 140 ms may be used
to drive the LCD array while the remaining 27 ms may be
used to drive the touch sensor. In this example, the first frame
duration is greater than the second frame duration, though
examples in which the second frame duration is greater than
or equal to the first frame duration are contemplated as well.
Operation separation in this manner may increase the perfor-
mance of the touch sensor and facilitate the construction of
larger and different display configurations (e.g., in-cell, on-
cell, etc.) while maintaining sufficient touch sensitivity. The
order may be switched so that the touch sensor is driven
before the LCD array.

[0056] Step 88 of method 64 is reached when the rate of
change of the image exceeds the predetermined threshold. At
88the C,,, ENABLE line is setto alow (e.g., negative) value,
and at 90, a high frame frequency is selected. The high frame
frequency may be selected from a second frame-frequency
range, which includes frequencies of 50 to 70 Hz. In other
embodiments, the second frame-frequency range may differ;
it may include frequencies of 120 and/or 240 Hz, for example.
Thelow level onthe C,,, ENABLE line prevents the data line
from charging the C_,, capacitance when the pixel is charged.
Accordingly, the storage capacitance of each charging circuit
1s maintained at a second, lower level over the second frame-
frequency range. At 92 V., 1s adjusted to a lower value to
reduce the DC offset across each pixel at high frame frequen-
cies. From 80 or 92, method 64 returns.

[0057] In sum, the approach described herein enables an
LCD with conventional-leakage TFT and LC components to
operate at a variable frame frequency. By switching to the
lower frame frequency during static-image display, the data
driver consumes much less power. This technology is appli-
cable in mobile devices ranging from smart phones to tablet
PCs, as well as larger-format displays for internet television.
In transreflective LCDs, which have room to route the extra
circuitry under the reflective part of the pixel electrode, and
which also may include a lower-power backlight, the variable
load-capacitance design may offer an even greater reduction
in power consumption. For transparent LCDs having no back-
light at all, the energy savings may be greater still. In addition
to numerous other applications, TFT LCDs for digital signage
and e-books, which in typical operation exhibit would allow
extended periods of low-refresh operation, are good candi-
dates for implementing the strategies disclosed herein.

[0058] Finally, it will be understood that the articles, sys-
tems, and methods described hereinabove are embodiments
of this disclosure—non-limiting examples for which numer-
ous variations and extensions are contemplated as well.
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Accordingly, this disclosure includes all novel and non-obvi-
ous combinations and sub-combinations of the articles, sys-
tems, and methods disclosed herein, as well as any and all
equivalents thereof.

1. An active-matrix display comprising:

an array of pixels;

drive componentry to individually address each pixel of the

array at a variable frame frequency;
foreach pixel of the array, a charging circuit through which
that pixel is addressed, the charging circuit including an
adjustable storage capacitance; and

capacitance-control componentry including a capacitance-
control transistor having a gate and a source, the gate and
the source coupled to a common-voltage line, the
capacitance-control componentry configured to main-
tain the storage capacitance of each charging circuitata
first level over a first frame-frequency range, and at a
second, lower level over a second, higher frame-fre-
quency range.

2. The display of claim 1, wherein each pixel includes a
liquid-crystal sandwiched between a transparent pixel elec-
trode and a transparent shared electrode.

3. The display of claim 2, wherein the liquid-crystal is a
twisted-nematic liquid crystal.

4. The display of claim 2, wherein the liquid-crystal is a
vertical-alignment liquid crystal.

5. The display of claim 2, wherein each charging circuit
includes:

a pixel-selecting transistor having a drain connected to the

pixel electrode; and

an auxiliary capacitor including a dielectric and an auxil-

iary electrode, a drain of the capacitance-control tran-
sistor connected to the auxiliary electrode.

6. The display of claim 5, further comprising:

for each column of pixels, a data line connected to the

charging circuit of each pixel of the column at a source
of the pixel-selecting transistor of that pixel; and

for each row of pixels, a select line connected to the charg-

ing circuit of each pixel of the row at a gate of the
pixel-selecting transistor of that pixel,

wherein the common-voltage line, each data line, and each

select line are connected to the drive componentry, and
wherein the common-voltage line is connected to the
charging circuit of each pixel of the array at the source
and the gate of the capacitance-control transistor.

7. The display of claim 5, wherein each charging circuit
further includes a permanent capacitor connected in parallel
to the corresponding pixel.

8. The display of claim 7, wherein a size of the auxiliary
electrode is such that the capacitance of the auxiliary capaci-
tor is greater than the combined capacitance of the permanent
capacitor and the pixel.

9. The display of claim 1, further comprising an amorphous
silicon backplane.

10. The display of claim 9, wherein the capacitance-control
transistor is configured to maintain the storage capacitance at
the first level over the first frame-frequency range when a
voltage on the amorphous silicon backplane is high; and
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wherein the capacitance-control transistor is configured to
maintain the storage capacitance at the second level over
the second frame-frequency range when the voltage on
the amorphous silicon backplane is low.

11. An active matrix comprising;

an array of pixels individually addressable over a first

frame-frequency range and over a second, higher frame-
frequency range; and
foreach pixel ofthe array, a charging circuit through which
that pixel is addressed, the charging circuit including an
adjustable storage capacitance, the charging circuit con-
figured such that the storage capacitance of each charg-
ing circuit is maintained at a first level over the first
frame-frequency range, and ata second, lower level over
the second frame-frequency range, wherein each adja-
cent pixel pair shares a capacitance-control line and a
common-voltage line.
12. The active matrix of claim 11, further comprising an
RGB color filter arrangement.
13. The active matrix of claim 11, further comprising an
RGBW filter arrangement.
14. The active matrix of claim 11, wherein the array of
pixels are arranged into groups of four square subpixels.
15. A method of driving a touch-sensitive display, the dis-
play including a touch sensor and an array of pixels individu-
ally addressable by drive componentry over a first frame-
frequency range and over a second, higher frame-frequency
range, and, for each pixel of the array, a charging circuit
through which that pixel is addressed, the charging circuit
including an adjustable storage capacitance, the method com-
prising:
maintaining the storage capacitance of each charging cir-
cuit at a first level over the first frame-frequency range;

maintaining the storage capacitance of each charging cir-
cuit at a second, lower level over the second frame-
frequency range;

actively driving the display and not the touch sensor for a

first frame duration over the first frame-frequency range;
and

actively driving the touch sensor and not the display for a

second frame duration over the first-frame frequency
range, the second duration not overlapping the first dura-
tion.

16. The method of claim 15, wherein the first frame dura-
tion is greater than the second frame duration.

17. The method of c¢laim 15, wherein the first frame-fre-
quency range includes frequencies of 1 to 7 Hz.

18. The method of claim 15, wherein the second frame-
frequency range includes frequencies of 50 to 70 Hz.

19. The method of claim 15, wherein the second frame-
frequency range includes frequencies of 120 and 240 Hz.

20. The method of claim 15, further comprising selecting
between the first and second frame-frequency ranges based
on a rate of change of a signal provided to the drive compo-
nentry.
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