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Description

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims benefits of U.S. provi-
sional application no. 62/899,621 filed September 12,
2019, entitled "EMBEDDED RRAM FOR DISPLAY PIX-
EL COMPENSATION," the content of which is incorpo-
rated by reference herein in its entirety.

TECHNICAL FIELD

[0002] The disclosure is related generally to display
driver integrated circuits, and more particularly to display
driver integrated circuits having embedded resistive ran-
dom access memory and display devices having the
display driver integrated circuits.

BACKGROUND

[0003] Display driver integrated circuits (DDIC) pro-
vide interface functions between a particular micropro-
cessor/microcontroller/application-specific  integrated
circuit (ASIC)/interface, and a particular display device
including but not limited to a liquid crystal display (LCD), a
light emitting diode (LED) display, an organic light emit-
ting diode (OLED) display, etc. The display driver typically
accepts commands and data through an industry-stan-
dard general-purpose interface, and generates signals
with a suitable voltage/current/timing to make the display
show the desired images.

[0004] A DDIC may also provide a pixel compensation
function. A display panel ages after a constant, long-time
electrical stress. For example, a display panel generally
includes tens of thousands of display pixels that can be
controlled to display images or moving pictures. Each of
the display pixels may include a thin-film transistor (TFT)
used to drive a display element. After long use, both thin-
film transistor and the display element may be subject to
electrical stress that temporarily or permanently changes
their characteristics, which in turn affect the display qual-
ity.

[0005] Because the aging ofthe display panel depends
on the usage of the display panel, it cannot be pre-
compensated. As a result, a display panel generally is
equipped with a DDIC that can compensate for changing
characteristics of the TFT driver and/or the display ele-
ments.

SUMMARY

[0006] One aspectofthe presentdisclosure is directed
to a display driver integrated circuit. The display driver
integrated circuit includes an input port configured to
receive a display sensing signal for a display panel; a
resistive random access memory coupled to the input
port and configured to store a sensing value indicative of
the display sensing signal; a display compensation logic
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coupled to the resistive random access memory to re-
ceive the sensing value and configured to determine,
based on the sensing value, a compensation value to
enable the display panel to modify a display control
signal; and an output port coupled to the display com-
pensation logic to transmit a display compensation vol-
tage signal to the display panel. The display compensa-
tion voltage signal is generated based on the compensa-
tion value. In some embodiments, the display sensing
signal is indicative of a current flowing through a display
pixel of the display panel and a display-pixel driving
element coupled to the display pixel.

[0007] In some embodiments, the display driver inte-
grated circuit further includes a digital-analog converter
coupled to the display compensation logic and config-
ured to convert the compensation value into the display
compensation voltage signal. In some embodiments, the
display driver integrated circuit further includes an inte-
grator amplifier coupled to the input port and configured
to convert display sensing signal to a sensed voltage
signal. In some embodiments, the display driver inte-
grated circuit further includes an analog-digital converter
coupled to the integrator amplifier and configured to
obtain and convert the sensed voltage signal into the
sensing value for storage in the resistive random access
memory.

[0008] In some embodiments, the display driver inte-
grated circuit further includes a comparator coupled to
the integrator amplifier and configured to obtain and
compare the sensed voltage signal with a reference
voltage signal and to generate a digital value as the
sensing value for storage in the resistive random access
memory.

[0009] In some embodiments, the display driver inte-
grated circuit further includes a current comparator
coupled to the input port and configured to obtain and
compare the display sensing signal with a reference
current signal and to generate a digital value as the
sensing value for storage in the resistive random access
memory. The display sensing signal is indicative of a
current flowing through a display-pixel driving element
coupled to a display element.

[0010] One aspectofthe presentdisclosure is directed
to a display driver integrated circuit. The display driver
integrated circuit includes an input port configured to
receive a display sensing signal for the display panel,
an integrator amplifier coupled to the input port and
configured to convert display sensing signal to a sensed
voltage signal, a first voltage amplifier coupled to the
integrator amplifier and configured to amplify the sensed
voltage signal to generate an analog sensing signal, a
resistive random access memory coupled to the first
voltage amplifier and configured to store the analog
sensing signal, a second voltage amplifier coupled to
the resistive random access memory and configured to
amplify the analog sensing signal to generate a display
compensation voltage signal, and an output port coupled
to the second voltage amplifier to transmit the display
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compensation voltage signal to the display panel.
[0011] Insomeembodiments, the first voltage amplifier
is configured to amplify the sensed voltage signal to
generate the analog sensing signal based on resistive
states of the resistive random access memory.

[0012] Another aspect of the present disclosure is
directed to a display device. The display device includes
a display panel and a display driver integrated circuit
coupled to the display panel to control the display panel.
The display driverintegrated circuitincludes an input port
configured to receive a display sensing signal for a dis-
play panel; aresistive random access memory coupled to
the input port and configured to store a sensing value
indicative of the display sensing signal; a display com-
pensation logic coupled to the resistive random access
memory to receive the sensing value and configured to
determine, based on the sensing value, a compensation
value to enable the display panel to modify a display
control signal; and an output port coupled to the display
compensation logic to transmit a display compensation
voltage signal to the display panel. The display compen-
sation voltage signal is generated based on the compen-
sation value.

[0013] Another aspect of the present disclosure is
directed to a display device. The display device includes
a display panel and a display driver integrated circuit
coupled to the display panel to control the display panel.
The display driverintegrated circuitincludes an input port
configured to receive a display sensing signal for the
display panel, an integrator amplifier coupled to the input
port and configured to convert display sensing signalto a
sensed voltage signal, a first voltage amplifier coupled to
the integrator amplifier and configured to amplify the
sensed voltage signal to generate an analog sensing
signal, a resistive random access memory coupled to
the first voltage amplifier and configured to store the
analog sensing signal, a second voltage amplifier
coupled to the resistive random access memory and
configured to amplify the analog sensing signal to gen-
erate a display compensation voltage signal, and an
output port coupled to the second voltage amplifier to
transmit the display compensation voltage signal to the
display panel.

[0014] These and other features of the apparatuses,
systems, and methods, disclosed herein, as well as the
methods of operation and functions of the related ele-
ments of structure, will become more apparent upon
consideration of the following description and the ap-
pended claims with reference to the accompanying draw-
ings, all of which form a part of this specification. Itis to be
expressly understood, however, that the drawings are for
purposes of illustration and description only and are not
intended as a definition of the limits of the disclosure. Itis
to be understood that the foregoing general description
and the following detailed description are exemplary and
explanatory only, and are not restrictive of the disclosure,
as claimed.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Certain features of various embodiments of the
present technology are set forth with particularity in the
appended claims. A better understanding of the features
and advantages of the technology will be obtained by
reference to the following detailed description that sets
forth illustrative embodiments, in which the principles of
the disclosure are utilized, and the accompanying draw-
ings. Non-limiting embodiments of the disclosure may be
more readily understood by referring to the following
drawings.

FIG. 1 is a diagram illustrating a display device that
includes a display driver integrated circuit, according
to one example embodiment.

FIG. 2is adiagramillustrating another display device
that includes a display driver integrated circuit, ac-
cording to one example embodiment.

FIG. 3 is a diagram illustrating yet another display
device that includes a display driver integrated cir-
cuit, according to one example embodiment.

FIG. 4 is a diagram illustrating yet another display
device that includes a display driver integrated cir-
cuit, according to one example embodiment.

FIG. 5 is a diagram illustrating yet another display
device that includes a display driver integrated cir-

cuit, according to one example embodiment.

DETAILED DESCRIPTION OF EMBODIMENTS

[0016] Non-limiting embodiments of the present dis-
closure will now be described with reference to the draw-
ings. It should be understood that particular features and
aspects of any embodiment disclosed herein may be
used and/or combined with particular features and as-
pects of any other embodiment disclosed herein. It
should also be understood that such embodiments are
by way of example and are merely illustrative of a small
number of embodiments within the scope of the present
disclosure. Various changes and modifications obvious
to one skilled in the art to which the present disclosure
pertains are deemed to be within the spirit, scope and
contemplation of the present disclosure as further de-
fined in the appended claims.

[0017] Techniques disclosed herein provide DDICs
that can compensate display pixels for their display qual-
ity changes. The DDICs may include embedded resistive
random access memory (RRAM) that can reduce chip
size, energy consumption, and cost for the circuitry. The
solutions provided hereinimprove the performance of the
DDICs and the display devices that are equipped with the
DDICs.

[0018] Embodiments will now be explained with ac-
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companying figures. Reference is first made to FIG. 1.
FIG. 1 is a diagram illustrating a display device 100,
according to one example embodiment. The display
device 100 includes a display panel 102 and a DDIC
104. The display panel 102 includes a pixel array having a
plurality of pixels. One example pixel 106 is shown in FIG.
1. The pixel 106 includes a display element 108 and a
display-pixel driving element 110 configured to control
the display element 108. The display element 108 may be
any elementthat emits light, suchasan LCD cell,an LED,
an OLED, etc. In the illustrated embodiment, the display
element 108 is an OLED. The display-pixel driving ele-
ment 110 may include one or more diodes, one or more
transistors, a combination thereof, or other circuits. In the
illustrated embodiment, the display-pixel driving element
110 includes two thin-film transistors 110-1 and 110-2.
[0019] The pixel 106 is connected to a data line 112 to
receive a data signal/display control signal and to a scan
line 114 to receive a scan signal (SCAN). Although not
shown in FIG. 1, the display panel includes a plurality of
data lines 112 and a plurality of scan lines 114. The data
line 112 is coupled to a data source 116 that provides the
data signal based on a display data input (DATA) 118 and
a compensation signal 120 provided by the DDIC 104. A
gate of the TFT 110-1 is connected to the scan line 114; a
source of the TFT 110-1 is connected to the data line 112;
and a drain of the TFT 110-1 is connected to a gate of the
TFT 110-2. A source of the TFT 110-2 is connected to a
voltage VDD, and adrain ofthe TFT 110-2 is connected to
the display element 108. One end of the display element
108 is connected to the drain of the TFT 110-2 while
another end of the display element 108 is connected to
the ground. When a scan signal from the scan line 114
opens the gate of the TFT 110-1, the data signal is
supplied from the data line 112 to control the gate of
the TFT 110-2. Depending on a magnitude of this control
signal to the gate of the TFT 110-2, a variable current may
be supplied from VDD to the display element 108, caus-
ing the display element 108 to dim or light.

[0020] To provide compensation to the pixel 106, the
display panel 102 further includes a sensing element
122. The sensing element 122 may include one or more
diode, one or more transistor, a combination thereof, or
other circuits. In the illustrated embodiment, the sensing
element 122 is a TFT. The sensing element 122 is con-
nected between the pixel 106 and an input port 130 of the
DDIC 104. The sensing element 122 may be configured
to sense a display sensing signal. For example, the dis-
play sensing signal may include a current flowing through
the TFT 110-2 of the display-pixel driving element 110, a
current flowing through the display element 108, and/or a
current flowing through both the TFT 110-2 of the display-
pixel driving element 110 and the display element 108.
[0021] The DDIC 104 includes the input port 130, a
memory device 140, a display compensation logic 150,
and an output port 160. The input port 130 is configured to
receive a display sensing signal for the display panel 102.
For example, the input port 130 may receive the display
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sensing signal from the sensing element 122 of the dis-
play panel. The memory device 140 is coupled to the
input port 130 and configured to store a sensing value
indicative of the display sensing signal. The memory
device 140 includes a resistive random access memory
(RRAM). The RRAM 140 may be operated in a digital
mode (FIG. 1) or in an analog mode (FIG. 5). In the
conventional art, the memory device may be an on-chip
static random access memory (SRAM), an off-chip NOR
flash, or the like. A memory cell of an SRAM generally
requires six transistors, while a memory cell of an RRAM
needs one transistor and thus consumes less chip area.
Moreover, an SRAM is volatile and requires standby
power to retain data, while the RRAM is non-volatile
and uses less power as it does not need standby power
to retain data. The RRAM requires comparable or lower
read current than an SRAM array. Further, an RRAM
array has a faster response than an SRAM array. Draw-
backs of an off-chip NOR flash for the memory device 140
may include limited input/output bandwidth, high power
consumption, and higher cost.

[0022] The display compensation logic 150 is coupled
to the RRAM 140 to receive the sensing value and con-
figured to determine, based on the sensing value, a
compensation value to enable the display panel 102 to
modify a display control signal (e.g., DATA). Forexample,
the display compensation logic 150 may be programmed
to include a look-up table for the compensation value.
The display compensation logic 150 may read the sen-
sing value and determine a corresponding compensation
value based on the look-up table.

[0023] The output port 160 is coupled to the display
compensation logic 150 to transmit a display compensa-
tion voltage signal to the display panel 102. The display
compensation voltage signal is generated based on the
compensation value. The data source 116 receives the
display compensation voltage signal 120 and the display
data input (DATA) 118 to generate the data signal for the
display pixel 106. In one embodiment, the data source
116 is an adder that adds the display compensation
voltage signal 120 and the display data input (DATA)
118 to generate the data signal for the display pixel 106.
[0024] In some embodiments, the DDIC 104 may
further include a digital-analog converter (DAC)155
coupled to the display compensation logic 150 and con-
figured to convert the compensation value received from
the display compensation logic 150 into the display com-
pensation voltage signal 120. For example, the compen-
sation value received from the display compensation
logic 150 may be a digital value indicating a level of
compensation for the display pixel 106. The DAC 155
converts the digital value into the analog display com-
pensation voltage signal, which can be used by the data
source 116 in the display panel 102 to generate a data
signal for the display pixel 106.

[0025] In some embodiments, the DDIC 104 may
further include an integrator amplifier 132 coupled to
the input port 130 and configured to convert the display
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sensing signal received from the input port 130 to a
sensed voltage signal. For example, an output of the
sensing element 122 may provide a current signal (dis-
playing sensing signal) to the input port 130 of the DDIC.
This current signal is converted to a voltage signal
(sensed voltage signal) at the integrator amplifier 132.
Inthe illustrated embodiment, the integrator amplifier 132
includes a capacitor 132-1 connected in parallel with an
amplifier 132-2.

[0026] In some embodiments, the DDIC 104 may
further include an analog-digital converter (ADC) 135
coupled to the integrator amplifier 132 and configured
to obtain and convert the sensed voltage signal into the
sensing value for storage in the RRAM 140. For example,
the ADC 135 may convert the analog sensed voltage
signal into digital value(s) for storage in a RRAM 140
programmed in the digital mode.

[0027] The DDIC 104 provides a fast compensation
scheme as the RRAM 140 may be embedded in the DDIC
104. Because each memory cell in the RRAM 140 may
consist of one transistor, the RRAM 140 consumes less
chip area and thus reduces the cost for making the DDIC
104. Further, the RRAM 140 is non-volatile and uses less
power than conventional memories such as SRAM. The
techniques disclosed herein provide the DDIC 104 with
improved performance and reduced cost.

[0028] Reference is now made to FIG. 2. FIG. 2 is a
diagram illustrating a display device 200, according to
one example embodiment. The display device 200 in-
cludes a display panel 202 and a DDIC 204. The display
panel 202 includes a pixel array having a plurality of
pixels. One example pixel 206 is shown in FIG. 2. The
pixel 206 includes a display element 208 and a display-
pixel driving element 210 configured to control the display
element 208. The display-pixel driving element 210 in-
cludes two thin-film transistors 210-1 and 210-2. The
pixel 206 is connected to a data line 212 to receive a
data signal/display control signaland to ascanline 214 to
receive a scan signal (SCAN). Although not shown in
FIG. 2, the display panel 202 includes a plurality of data
lines 212 and a plurality of scan lines 214. The display
panel 202 further includes a data source 216 that pro-
vides the data signal based on a display data input
(DATA) 218 and a compensation signal 220 provided
by the DDIC 204. The display panel 202 further includes
asensing element222. The display panel 202 is similar to
the display panel 102 in FIG. 1 and detailed description
for the display panel 202 may be referred to those for the
display panel 102.

[0029] The DDIC 204 includes the input port 230, an
integrator amplifier 232, a comparator 235, a memory
device 240, a display compensation logic 250, a DAC
255, and an output port 260. The input port 230 is con-
figured to receive a display sensing signal for the display
panel 202. For example, the input port 230 may receive
the display sensing signal from the sensing element 222
of the display panel 202. The integrator amplifier 232 is
coupled to the input port 230 and configured to convert

10

15

20

25

30

35

40

45

50

55

display sensing signal received from the input port 230 to
a sensed voltage signal. For example, an output of the
sensing element 222 may provide a current signal (dis-
playing sensing signal) to the input port 230 of the DDIC.
This current signal is converted to a voltage signal
(sensed voltage signal) at the integrator amplifier 232.
Inthe illustrated embodiment, the integrator amplifier 232
includes a capacitor 232-1 connected in parallel with an
amplifier 232-2.

[0030] The comparator235is coupled to the integrator
amplifier 232 and configured to obtain and compare the
sensed voltage signal with one or more reference voltage
signals (Vref) and to generate a digital value as a sensing
value for storage in the memory device 240. For example,
in a simplest form, the comparator 235 may compare the
sensed voltage signal with a reference voltage signal.
The comparator 235 may generate a logic 1 to indicate
that the sensed voltage signal is greater than the refer-
ence voltage signal and generate a logic 0 to indicate that
the sensed voltage signal is not greater than the refer-
ence voltage signal. For example, the logic 1 may indi-
cate that the display pixel is functioning normal and no
compensation is needed, while the logic 0 may indicate
that the display pixel is degraded and warrants a com-
pensation mechanism to boost the emission of the dis-
play pixel, or vice versa. The comparator 235 may then
send this one-bit digital data to the memory device 240 for
storage. In some embodiments, the comparator 235 may
compare the sensed voltage signal with multiple refer-
ence voltage signals and generate a multibit digital value
to indicate a level of compensation for the display pixel.
[0031] The memory device 240 is coupled to the input
port 230 through the integrator amplifier 232 and the
comparator 235. The memory device 240 is configured
to store a sensing value indicative of the display sensing
signal received at the input port 230. In the illustrated
embodiment, the memory device 240 is connected to the
comparator 235 to receive and store the sensing value
generated by the comparator 235. The memory device
240 includes a resistive random access memory
(RRAM). The RRAM 240 may be operated in a digital
mode, an analog mode, or a mixed digital-analog mode.
In the illustrated embodiment in FIG. 2, the RRAM 240 is
programmed in the digital mode or mixed digital-analog
mode to store the digital sensing values generated by the
comparator 235.

[0032] The display compensation logic 250 is coupled
to the RRAM 240 to receive the sensing value and con-
figured to determine, based on the sensing value, a
compensation value to enable the display panel 202 to
modify a display control signal (e.g., DATA). Forexample,
the display compensation logic 250 may be programmed
to include a look-up table for the compensation value.
The display compensation logic 250 may read the sen-
sing value and determine a corresponding compensation
value based on the look-up table. In some embodiments,
the display compensation logic 250 may be integrated
with the RRAM 240.



9 EP 4 819 115 A2 10

[0033] The DAC 255is coupled to the display compen-
sation logic 250 and configured to convert the compen-
sation value received from the display compensation
logic 250 into a display compensation voltage signal
220. Forexample, the compensation value received from
the display compensation logic 250 may be a digital value
indicating a level of compensation for the display pixel
206. The DAC 255 converts the digital value into the
analog display compensation voltage signal 220, which
can be used by the data source 216 in the display panel
202 to generate a data signal for the display pixel 206.
[0034] The output port 260 is coupled to the display
compensation logic 250 through the DAC 255 to transmit
the display compensation voltage signal 220 to the dis-
play panel 202. The data source 216 in the display panel
202 receives the display compensation voltage signal
220 and the display data input 218 to generate the data
signal for the display pixel 206 in the display panel 202.
[0035] The DDIC 204 provides an efficient, fast com-
pensation scheme as the RRAM 240 may be embedded
in the DDIC 204. The comparator 235 included in the
DDIC 204 generates sensing values that may include
fewer digits than the output of the ADC 135 (FIG. 1) that
generates a digital value indicative of a voltage signal.
Because each memory cell in the RRAM 240 may consist
of one transistor, the RRAM 240 consumes less chip area
and thus saves the cost for making the DDIC 204.
Further, the RRAM 240 is non-volatile and uses less
power than conventional memories such as SRAM.
The techniques disclosed herein provide the DDIC 204
with improved performance and reduced cost.

[0036] FIG. 3is a diagram illustrating a display device
300, according to one example embodiment. The display
device 300 includes a display panel 302 and a DDIC 304.
The display panel 302 includes a pixel array having a
plurality of pixels. One example pixel 306 is shown in FIG.
3. The pixel 306 includes a display element 308 and a
display-pixel driving element 310 configured to control
the display element 308. The display-pixel driving ele-
ment 310 includes two thin-film transistors 310-1 and
310-2. The pixel 306 is connected to a data line 312 to
receive a data signal/display control signal and to a scan
line 314 to receive a scan signal (SCAN). Although not
shown in FIG. 3, the display panel includes a plurality of
data lines 312 and a plurality of scan lines 314. The
display panel 302 further includes a data source 316 that
provides the data signal based on a display data input
(DATA) 318 and a compensation signal 320 provided by
the DDIC 304. The display panel 302 further includes a
sensing element 322. The display panel 302 is similar to
the display panel 102 in FIG. 1 and detailed description
for the display panel 302 may be referred to those for the
display panel 102.

[0037] The DDIC 304 includes the input port 330, a
current comparator 335, a memory device 340, a display
compensation logic 350, a DAC 355, and an output port
360. The input port 330 is configured to receive a display
sensing signal for the display panel 302. For example, the
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input port 330 may receive the display sensing signal
from the sensing element 322 of the display panel 302. In
the illustrated embodiment, the display element 308 is
disconnected such that the display sensing signal is a
current signal indicative of a current flowing through the
display-pixel driving element 310-2 that is coupled to the
display element 308.

[0038] The current comparator 335 is coupled to the
input port 330 and configured to obtain and compare the
display sensing signal with a reference current signal
(I,er) and to generate a digital value as a sensing value
for storage in the memory device 340.

[0039] For example, in a simplest form, the current
comparator 335 may compare the display sensing signal
with one reference current signal. The comparator 335
may generate alogic 1 to indicate that the display sensing
signal is greater than the reference current signal and
generate a logic 0 to indicate that the display sensing
signalis not greater than the reference current signal. For
example, the logic 1 may indicate that the display-pixel
driving element 310-2 is functioning normally and no
compensation is needed, while the logic 0 may indicate
that the display-pixel driving element 310-2 is degraded
and warrants a compensation mechanism to boost the
emission of the display pixel 306. The current comparator
335 may then send this one-bit digital data to the memory
device 340 for storage. In some embodiments, the cur-
rent comparator 335 may compare the display sensing
signal with multiple reference current signals and gen-
erate a multibit digital value to indicate a level of com-
pensation for the display pixel 306. Under this scheme,
multiple levels of compensation may be predetermined
for the display panel 302.

[0040] The memory device 340 is coupled to the input
port 330 through the current comparator 335. The mem-
ory device 340 is configured to store a sensing value
indicative of the display sensing signal received at the
input port 330. In the illustrated embodiment, the memory
device 340 is connected to the current comparator 335 to
receive and store the sensing value generated by the
current comparator 335. The memory device 340 in-
cludes an RRAM. The RRAM 340 may be operated in
adigital mode, an analog mode, or a mixed digital-analog
mode. In the illustrated embodiment in FIG. 3, the RRAM
340 is programmed in the digital mode or mixed digital-
analog mode to store the digital sensing values gener-
ated by the current comparator 335.

[0041] The display compensation logic 350 is coupled
to the RRAM 340 to receive the sensing value and con-
figured to determine, based on the sensing value, a
compensation value to enable the display panel 302 to
modify a display control signal (e.g., DATA). Forexample,
the display compensation logic 350 may be programmed
to include a look-up table for the compensation values.
The display compensation logic 350 may read the sen-
sing value and determine a corresponding compensation
value based on the look-up table. In some embodiments,
the display compensation logic 350 may be integrated
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with the RRAM 340.

[0042] The DAC 355is coupled to the display compen-
sation logic 350 and configured to convert the compen-
sation value received from the display compensation
logic 350 into a display compensation voltage signal.
For example, the compensation value received from
the display compensation logic 350 may be a digital value
indicating a level of compensation for the display pixel
306. The DAC 355 converts the digital value into the
analog display compensation voltage signal, which can
be used by the data source 318 in the display panel 302 to
generate a data signal for the display pixel 306.

[0043] The output port 360 is coupled to the display
compensation logic 350 through the DAC 355 to transmit
the display compensation voltage signal to the display
panel 302. The data source 318 in the display panel 302
receives the display compensation voltage signal 320
and the display data input (DATA) 318 to generate the
data signal for the display pixel 306 in the display panel
302.

[0044] The DDIC 304 provides an efficient, fast com-
pensation scheme as the RRAM 340 may be embedded
in the DDIC 304. The current comparator 335 included in
the DDIC 304 generates sensing values that may include
fewer digits than the output of the ADC 135 (FIG. 1) that
generates a digital value indicative of a voltage signal.
Because each memory cell in the RRAM 340 may consist
of one transistor, the RRAM 340 consumes fewer chip
areas and thus saves the cost for making the DDIC 304.
Further, the RRAM 340 is non-volatile and uses less
power than conventional memories such as SRAM.
The techniques disclosed herein provide the DDIC 304
with improved performance and reduced cost.

[0045] FIG. 4 is a diagram illustrating another display
device 400, according to one example embodiment. The
display device 400 includes a display panel 402 and a
DDIC 404. The display panel 402 includes a pixel array
having a plurality of pixels. One example pixel 406 is
shownin FIG. 4. The pixel 406 includes a display element
408 and a display-pixel driving element 410 configured to
control the display element 408. The display-pixel driving
element 410 includes two thin-film transistors 410-1 and
410-2. The pixel 406 is connected to a data line 412 to
receive a data signal/display control signal and to a scan
line 414 to receive a scan signal (SCAN). Although not
shown in FIG. 4, the display panel includes a plurality of
data lines 412 and a plurality of scan lines 414. The
display panel 402 further includes a data source 416 that
provides the data signal based on a display data input
(DATA) 418 and a compensation signal 420 provided by
the DDIC 404. The display panel 402 further includes a
sensing element 422. The display panel 402 is similar to
the display panel 102 and detailed description for the
display panel 402 may be referred to those for the display
panel 102.

[0046] The DDIC 404 includes the input port 430, a
current ADC (CADC) 435, a memory device 440, a dis-
play compensation logic 450, a DAC 455, and an output
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port 460. The input port 430 is configured to receive a
display sensing signal for the display panel 402. For
example, the input port 430 may receive the display
sensing signal I flowing through the sensing element
422 of the display panel 402. In the illustrated embodi-
ment, the display-pixel driving element 410-2 is discon-
nected such that the display sensing signal is a current
signal indicative of a current flowing through the display
element 408.

[0047] The CADC 435 is coupled to the input port 430
and configured to convert the display sensing signal I
into the sensing value for storage in the resistive random
access memory.

[0048] The memory device 440 is coupled to the input
port 430 through the CADC 435. The memory device 440
is configured to store a sensing value indicative of the
display sensing signal received at the input port 430. In
the illustrated embodiment, the memory device 440 is
connected to the CADC 435 to receive and store the
sensing value generated by the CADC 435. The memory
device 440 includes an RRAM. The RRAM 440 may be
operated in a digital mode, an analog mode, or a mixed
digital-analog mode. In the illustrated embodiment in
FIG. 4, the RRAM 440 is programmed in the digital mode
or mixed digital-analog mode to store the digital sensing
values generated by the CADC 435.

[0049] The display compensation logic 450 is coupled
to the RRAM 440 to receive the sensing value and con-
figured to determine, based on the sensing value, a
compensation value to enable the display panel 402 to
modify a display control signal (e.g., DATA). Forexample,
the display compensation logic 450 may be programmed
with a look-up table for the compensation value. The
display compensation logic 450 may read the sensing
value and determine a corresponding compensation va-
lue based on the look-up table. In some embodiments,
the display compensation logic 450 may be integrated
with the RRAM 440.

[0050] The DAC 455is coupled to the display compen-
sation logic 450 and configured to convert the compen-
sation value received from the display compensation
logic 450 into a display compensation voltage signal
420. Forexample, the compensation value received from
the display compensation logic 450 may be a digital value
indicating a level of compensation for the display pixel
406. The DAC 455 converts the digital value into the
analog display compensation voltage signal 420, which
can be used by the data source 418 in the display panel
402 to generate a data signal for the display pixel 406.
[0051] The output port 460 is coupled to the display
compensation logic 450 through the DAC 455 to transmit
the display compensation voltage signal 420 to the dis-
play panel 402. The data source 418 in the display panel
402 receives the display compensation voltage signal
420 and the display data input 418 to generate the data
signal for the display pixel 406 in the display panel 402.
[0052] The DDIC 404 provides an efficient, fast com-
pensation scheme as the RRAM 440 may be embedded
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inthe DDIC 404. Because each memory cellin the RRAM
440 may consist of one transistor, the RRAM 440 con-
sumes less chip area and, thus, saves the cost for making
the DDIC 404. Further, the RRAM 440 is non-volatile and
uses less power than conventional memories such as
SRAM. The techniques disclosed herein provide the
DDIC 404 with improved performance and reduced cost.
[0053] FIG. 5 is a diagram illustrating another display
device 500, according to one example embodiment. The
display device 500 includes a display panel 502 and a
DDIC 504. The display panel 502 includes a pixel array
having a plurality of pixels. One example pixel 506 is
shownin FIG. 5. The pixel 506 includes a display element
508 and a display-pixel driving element 510 configured to
control the display element 508. The display-pixel driving
element 510 includes two thin-film transistors 510-1 and
510-2. The pixel 506 is connected to a data line 512 to
receive a data signal/display control signal and to a scan
line 514 to receive a scan signal (SCAN). Although not
shown in FIG. 5, the display panel includes a plurality of
data lines 512 and a plurality of scan lines 514. The
display panel 502 further includes a data source 516 that
provides the data signal based on a display data input
(DATA) 518 and a compensation signal 520 provided by
the DDIC 504. The display panel 502 further includes a
sensing element 522. The display panel 502 is similar to
the display panel 102 in FIG. 1, and detailed description
for the display panel 502 may be referred to those for the
display panel 102.

[0054] The DDIC 504 includes the input port 530, an
integrator amplifier 532, a first amplifier 535, a memory
device 540, a second amplifier 550, and an output port
560. The input port 530 is configured to receive a display
sensing signal for the display panel 502. For example, the
input port 530 may receive the display sensing signal
from the sensing element of the display panel 502. The
integrator amplifier 532 is coupled to the input port 530
and configured to convert display sensing signal received
from the input port 530 to a sensed voltage signal. For
example, an output of the sensing element 522 may
provide a current signal (displaying sensing signal) to
the input port 530 of the DDIC 504. This current signal is
converted to a voltage signal (sensed voltage signal) at
the integrator amplifier 532. In the illustrated embodi-
ment, the integrator amplifier 532 includes a capacitor
532-1 connected in parallel with an amplifier 532-2.
[0055] The first amplifier 535 is coupled to the integra-
tor amplifier 532 and configured to amplify the sensed
voltage signal to generate an analog sensing signal for
storage in the memory device 540.

[0056] The memory device 540 is coupled to the first
amplifier 535. The memory device 540 is configured to
store the analog sensing signal. The memory device 540
includes an RRAM. In some embodiments, the first vol-
tage amplifier 535 is configured to amplify the sensed
voltage signal to generate the analog sensing signal
based on resistive states of the resistive random access
memory 540. For example, the sensed voltage signal
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generated by the integrator amplifier 532 may be about
1-3 Volts and the resistive states of the resistive random
access memory 540 may be in a range of 10 kQ-200 k<.
The first voltage amplifier 535 may amplify the sensed
voltage signalto 3-5 Volts as the analog sensing signal. In
some embodiments, depending on the resistive states of
the resistive random access memory 540, the first vol-
tage amplifier 535 may increase or decrease the sensed
voltage signal to generate the analog sensing signal for
storage in the RRAM 540.

[0057] The RRAM 540 may be operated in a digital
mode, an analog mode, or a mixed digital-analog mode.
In the illustrated embodiment in FIG. 5, the RRAM 540 is
programmed in the analog mode or the mixed digital-
analog mode to store the analog sensing signal.

[0058] The second amplifier 550 is coupled to the
RRAM 540 to receive the analog sensing signal and
configured to amplify the analog sensing signal to gen-
erate a display compensation voltage signal 520, which
can be used by the data source 518 in the display panel
502 to generate a data signal for the display pixel 506.
Depending on the compensation scheme, the second
amplifier 550 may increase or decrease an amplitude of
the analog sensing signal to generate the display com-
pensation voltage signal 520.

[0059] The output port 560 is coupled to the second
amplifier 550 to transmit the display compensation vol-
tage signal 520 to the display panel 502. The data source
518 in the display panel 502 receives the display com-
pensation voltage signal 520 and the display data input
518 to generate the data signal for the display pixel 506 in
the display panel 502.

[0060] The DDIC 504 provides an efficient, fast com-
pensation scheme as the RRAM 540 may be embedded
in the DDIC 504. The configuration of the DDIC 504
includes no ADC and DAC, which can reduce the cost
of the DDIC 504. Also, because each memory cell in the
RRAM 540 may consist of fewer transistor(s) than the
conventional memory devices, the RRAM 540 consumes
less chip area and, thus, saves the cost for making the
DDIC 504. Further, the RRAM 540 is non-volatile and
uses less power than conventional memories such as
SRAM. The techniques disclosed herein provide the
DDIC 504 with improved performance and reduced cost.
[0061] Although specific example embodiments are
provided herein, various modifications to the example
embodiments are contemplated. For example, the indi-
vidual components in one embodiment may be combined
with components in other embodiments. The individual
components in one embodiment may also be omitted
when such omission is consistent with the spirit of this
disclosure.

[0062] While examples and features of disclosed prin-
ciples are described herein, modifications, adaptations,
and other implementations are possible without depart-
ing from the spirit and scope of the disclosed embodi-
ments. Also, the words "comprising," "having," "contain-
ing," and "including," and other similar forms are intended
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to be equivalentin meaning and be open ended in thatan
item or items following any one of these words is not
meant to be an exhaustive listing of such item oritems, or
meant to be limited to only the listed item or items. It must
also be noted that as used herein and in the appended
claims, the singular forms "a," "an," and "the" include
plural references unless the context clearly dictates
otherwise.

[0063] The embodiments illustrated herein are de-
scribed in sufficient detail to enable those skilled in the
art to practice the teachings disclosed. Other embodi-
ments may be used and derived therefrom, such that
structural and logical substitutions and changes may be
made without departing from the scope of this disclosure.
The Detailed Description, therefore, is notto be takenin a
limiting sense, and the scope of various embodiments is
defined only by the appended claims, along with the full
range of equivalents to which such claims are entitled.
[0064] Embodiments ofthe disclosure are enumerated
in the following numbered clauses.

Clause 1. Adisplay driver integrated circuit, compris-
ing:

an input port configured to receive a display
sensing signal for a display panel;

a resistive random access memory coupled to
the input port and configured to store a sensing
value indicative of the display sensing signal;
a display compensation logic coupled to the
resistive random access memory to receive
the sensing value and configured to determine,
based on the sensing value, a compensation
value to enable the display panel to modify a
display control signal; and

an output port coupled to the display compensa-
tion logic to transmit a display compensation
voltage signal to the display panel, wherein
the display compensation voltage signal is gen-
erated based on the compensation value.

Clause 2. The display driver integrated circuit of
Clause 1, further comprising:

a digital-analog converter coupled to the display
compensation logic and configured to convert the
compensation value into the display compensation
voltage signal.

Clause 3. The display driver integrated circuit of
Clause 2, further comprising:

an integrator amplifier coupled to the input port and
configured to convert the display sensing signal to a
sensed voltage signal.

Clause 4. The display driver integrated circuit of
Clause 3, further comprising:

an analog-digital converter coupled to the integrator
amplifier and configured to convert the sensed vol-
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tage signal into the sensing value.

Clause 5. The display driver integrated circuit of
Clause 3, further comprising:

a comparator coupled to the integrator amplifier and
configured to obtain and compare the sensed vol-
tage signal with a reference voltage signal, and to
generate a digital value as the sensing value based
on the comparing for storage in the resistive random
access memory.

Clause 6. The display driver integrated circuit of
Clause 2, further comprising:

a current comparator coupled to the input port and
configured to obtain and compare the display sen-
sing signal with a reference current signal, and to
generate a digital value as the sensing value based
on the comparing for storage in the resistive random
access memory, wherein the display sensing signal
is indicative of a current flowing through a display-
pixel driving element of a display pixel of the display
panel.

Clause 7. The display driver integrated circuit of
Clause 2, further comprising:

a current analog-digital converter coupled to the
input port, and configured to convert the display
sensing signal into the sensing value for storage in
the resistive random access memory, wherein the
display sensing signal is indicative of a current flow-
ing through a display pixel of the display panel.

Clause 8. The display driver integrated circuit of
Clause 1, wherein the display sensing signal is in-
dicative of a current flowing through a display pixel of
the display panel and a display-pixel driving element
coupled to the display pixel.

Clause 9. A display driver integrated circuit, compris-
ing:

an input port configured to receive a display
sensing signal for a display panel;

an integrator amplifier coupled to the input port,
and configured to convert the display sensing
signal to a sensed voltage signal;

a first voltage amplifier coupled to the integrator
amplifier and configured to amplify the sensed
voltage signal to generate an analog sensing
signal;

a resistive random access memory coupled to
the first voltage amplifier and configured to store
the analog sensing signal;

a second voltage amplifier coupled to the resis-
tive random access memory and configured to
amplify the analog sensing signal to generate a
display compensation voltage signal; and

an output port coupled to the second voltage
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amplifier to transmit the display compensation
voltage signal to the display panel.

Clause 10. The display driver integrated circuit of
Clause 9, wherein the first voltage amplifier is con-
figured to amplify the sensed voltage signal to gen-
erate the analog sensing signal based on resistive
states of the resistive random access memory.

Clause 11. A display device, comprising:

a display panel; and

a display driver integrated circuit coupled to the
display panel to control the display panel,
wherein the display driverintegrated circuit com-
prises:

an input port configured to receive a display
sensing signal for the display panel;
aresistive random access memory coupled
to the input port and configured to store a
sensing value indicative of the display sen-
sing signal;

adisplay compensation logic coupled to the
resistive random access memory to receive
the sensing value and configured to deter-
mine, based on the sensing value, a com-
pensation value to enable the display panel
to modify a display control signal; and

an output port coupled to the display com-
pensation logic to transmit a display com-
pensation voltage signal to the display pa-
nel, wherein the display compensation vol-
tage signal is generated based on the com-
pensation value.

Clause 12. The display device of Clause 11, wherein
the display driver integrated circuit further com-
prises:

a digital-analog converter coupled to the display
compensation logic and configured to convert the
compensation value into the display compensation
voltage signal.

Clause 13. The display device of Clause 11, wherein
the display driver integrated circuit further com-
prises:

an integrator amplifier coupled to the input port and
configured to convert the display sensing signal to a
sensed voltage signal.

Clause 14. The display device of Clause 13, wherein
the display driver integrated circuit further com-
prises:

an analog-digital converter coupled to the integrator
amplifier and configured to obtain and convert the
sensed voltage signal into the sensing value for
storage in the resistive random access memory.
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Clause 15. The display device of Clause 13, wherein
the display driver integrated circuit further com-
prises:

a comparator coupled to the integrator amplifier and
configured to obtain and compare the sensed vol-
tage signal with a reference voltage signal and to
generate a digital value as the sensing value for
storage in the resistive random access memory.

Clause 16. The display device of Clause 12, wherein
the display driver integrated circuit further com-
prises:

a current comparator coupled to the input port and
configured to obtain and compare the display sen-
sing signal with a reference current signal, and to
generate a digital value as the sensing value for
storage in the resistive random access memory,
wherein the display sensing signal is indicative of
a current flowing through a display-pixel driving ele-
ment coupled to a display pixel of the display panel.

Clause 17. The display device of Clause 12, wherein
the display driver integrated circuit further com-
prises:

a current analog-digital converter coupled to the
input port and configured to convert the display
sensing signal into the sensing value for storage in
the resistive random access memory, wherein the
display sensing signal is indicative of a current flow-
ing through a display pixel of the display panel.

Clause 18. The display device of Clause 11, wherein
the display sensing signal is indicative of a current
flowing through a display pixel of the display panel
and a display-pixel driving element coupled to the
display pixel.

Clause 19. A display device, comprising:

a display panel; and

a display driver integrated circuit coupled to the
display panel to control the display panel,
wherein the display driverintegrated circuit com-
prises:

an input port configured to receive a display
sensing signal for the display panel;

an integrator amplifier coupled to the input
port and configured to convert the display
sensing signal to a sensed voltage signal;
a first voltage amplifier coupled to the inte-
grator amplifier and configured to amplify
the sensed voltage signal to generate an
analog sensing signal;

aresistive random access memory coupled
to the first voltage amplifier and configured
to store the analog sensing signal;

a second voltage amplifier coupled to the
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resistive random access memory and con-
figured to amplify the analog sensing signal
to generate a display compensation voltage
signal; and

an output port coupled to the second vol-
tage amplifier to transmit the display com-
pensation voltage signal to the display pa-
nel.

Clause 20. The display device of Clause 19, wherein
the first voltage amplifier is configured to amplify the
sensed voltage signal to generate the analog sen-
sing signal based on resistive states of the resistive
random access memory.

Claims

A display driver integrated circuit, comprising:

an input port configured to receive a display
sensing signal from a sensing element of a dis-
play panel;

a circuit configured to generate analog sensing
data indicative of the display sensing signal;

a resistive random access memory coupled to
the circuit and configured to store the analog
sensing data;

a voltage amplifier coupled to the resistive ran-
dom access memory and configured to amplify
the analog sensing data stored in the resistive
random access memory to generate a display
compensation voltage signal; and

an output port coupled to the voltage amplifier to
transmit the display compensation voltage sig-
nal to the display panel.

2. The display driver integrated circuit of claim 1,

wherein the circuit configured to generate analog
sensing data comprises:

an integrator amplifier coupled to the input port,
and configured to convert the display sensing
signal to a sensed voltage signal; and

a first voltage amplifier coupled to the integrator
amplifier and configured to amplify the sensed
voltage signal to generate the analog sensing
data, wherein the resistive random access
memory is coupled to the first voltage amplifier.

The display driver integrated circuit of claim 2,
wherein the first voltage amplifier is configured to
amplify the sensed voltage signal to generate the
analog sensing data based on resistive states of the
resistive random access memory.

The display driver integrated circuit of claim 1,
wherein the resistive random access memory is
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10.

1.

configured to operate in a mixed digital-analog mode
in which the resistive random access memory is
further configured to store digital sensing data.

The display driver integrated circuit of claim 4, further
comprising:

display compensation logic coupled to the resistive
random access memory and configured to deter-
mine a compensation value based on the digital
sensing data stored in the resistive random access
memory.

The display driver integrated circuit of claim 5, further
comprising a digital-analog converter coupled to the
display compensation logic and configured to con-
vert the compensation value into the display com-
pensation voltage signal.

The display driver integrated circuit of claim 6, further
comprising:

an integrator amplifier coupled to the input port and
configured to convert the display sensing signal to a
sensed voltage signal.

The display driver integrated circuit of claim 7, further
comprising:

an analog-digital converter coupled to the integrator
amplifier and configured to convert the sensed vol-
tage signal into the digital sensing data.

The display driver integrated circuit of claim 7, further
comprising:

a comparator coupled to the integrator amplifier and
configured to obtain and compare the sensed vol-
tage signal with a reference voltage signal, and to
generate the digital sensing data based on the com-
paring for storage in the resistive random access
memory.

The display driver integrated circuit of claim 6, further
comprising:

a current comparator coupled to the input port and
configured to obtain and compare the display sen-
sing signal with a reference current signal, and to
generate the digital sensing data based on the com-
paring for storage in the resistive random access
memory, wherein the display sensing signal is indi-
cative of a current flowing through a display-pixel
driving element of a display pixel of the display panel.

The display driver integrated circuit of claim 6, further
comprising:

a current analog-digital converter coupled to the
input port, and configured to convert the display
sensing signal into the digital sensing data for sto-
rage in the resistive random access memory, where-
in the display sensing signal is indicative of a current
flowing through a display pixel of the display panel.
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12. The display driver integrated circuit of claim 1,
wherein the display sensing signal is indicative of
acurrentflowing through a display pixel of the display
panel and a display-pixel driving element coupled to
the display pixel.

13. A display device, comprising:

a display panel; and

the display driver integrated circuit of any of the
preceding claims, coupled to the display panel to
control the display panel.
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