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(57) ABSTRACT

Embodiments relate to a foveated display, in which image
data 1s displayed with a plurality of display regions associ-
ated with different 1mage resolutions. The different resolu-
tions are achieved using macropixels corresponding to
groupings ol native pixels of the display area onto which
image data 1s loaded to concurrently. Macropixels spanning
multiple columns of the display are constructed by grouping
data lines of the display such that the same 1mage data 1s
written to pixels of different columns concurrently. The data
lines receive image data from a signal line via a demulti-
plexer, where control signals of the demultiplexer to con-
currently couple the signal line to multiple data lines, such
that 1mage data provided along the signal line i1s concur-
rently provided to each of the multiple data lines 1n parallel,
based upon a predetermined grouping of columns of the
display device.
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Receive image data to be displayed in a foveated manner at a display device
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1740
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1750
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Operate display by providing control signals in accordance with a determined
timing
1770
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GROUPED DEMULTIPLEXING FOR
FOVEATED-RESOLUTION DISPLAY

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims a priority and benefit to
U.S. Provisional Patent Application Ser. No. 63/323,966,
filed Mar. 235, 2022, and U.S. Provisional Patent Application
Ser. No. 63/339,286, filed May 6, 2022, which are hereby

incorporated by reference 1n 1ts enfireties.

BACKGROUND

[0002] This disclosure relates to a display device, and
specifically to light emitting diode (LED) or OLED (organic
LED) related display which can have configurable resolu-
tion.

[0003] A display device 1s often used 1n a virtual reality
(VR) or augmented-reality (AR) system as a head-mounted
display (HMD) or a near-eye display (NED). To display high
resolution 1mages, it 1s beneficial to imncrease the number of
pixels 1 the display device and operate the display device
with a higher frame rate. However, when there i1s an
increased number of pixels 1n a display device being oper-
ated at a higher frame rate, time allocated for preparing and
writing of data to pixels are reduced. In addition, utilization
of an increased number of pixels may result i higher
charging frequency, increasing power consumption.

SUMMARY

[0004] In some aspects, the techniques described herein
relate to a display device that includes a display area having,
a plurality of pixels arranged 1n a plurality of rows and a
plurality of columns. The display device includes a plurality
of data lines, each associated with a column of the plurality
of columns and configured to provide 1mage data to pixels
of the column, and a plurality of demultiplexers, each
connected to a respective signal line of a plurality of signal
lines from a source driver circuit and to a respective set of
data lines of the plurality of data lines. The display device
turther includes a set of control lines coupled to the plurality
of demultiplexers and configured to provide control signals
to the plurality of demultiplexers, wherein the control sig-
nals are configured to, during one or more row periods of a
plurality of rows periods, control each of the plurality of
demultiplexers to concurrently couple the respective signal
line to multiple data lines of the respective set of data lines,
such that image data provided along the respective signal
line 1s concurrently provided to each of the multiple data
lines 1n parallel, based upon a predetermined grouping of
columns of the display device.

[0005] In some aspects, the techniques described herein
relate to a method, including: at a display driver integrated
circuit (DDIC) of a display device, recerving data indicating
a grouping ol columns of the display area, where the display
device includes: a display area including a plurality of pixels
arranged 1n a plurality of rows and a plurality of columns; a
plurality of data lines, each associated with a column of the
plurality of columns and configured to provide image data to
pixels of the column; a plurality of demultiplexers, each
connected to a respective signal line of a plurality of signal
lines from a source driver circuit and to a respective set of
data lines of the plurality of data lines; and a set of control
lines coupled to the plurality of demultiplexers and config-
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ured to provide control signals to the plurality of demulti-
plexers. The method further includes, at the DDIC, config-
uring the control signals to, based on the grouping of
columns of the display area, to, during one or more row
periods of a plurality of rows periods, control each of the
plurality of demultiplexers to concurrently couple the
respective signal line to multiple data lines of the respective
set of data lines, such that image data provided along the
respective signal line 1s concurrently provided to each of the
multiple data lines 1n parallel. The method further mcludes
operating the display by providing the controls signals
control signals to the set of control lines of display during
cach of the plurality of row periods.

BRIEF DESCRIPTION OF DRAWINGS

[0006] FIGS. 1A and 1B are diagrams of head-mounted
displays (HMDs) that include near-eye displays (NED),
according to some embodiments.

[0007] FIG. 2 1s a cross-sectional view of the HMD
illustrated 1n FIG. 1A or 1B, according to some embodi-
ments.

[0008] FIG. 3 illustrates a perspective view ol a wave-
guide display, according to some embodiments.

[0009] FIG. 4 depicts a simplified organic light emitting
diode (OLED) structure, according to some embodiments.

[0010] FIG. 5 1s a schematic view of an OLED display
device architecture including a display driver integrated

circuit (DDIC), according to some embodiments.

[0011] FIG. 6 1s a schematic view of an OLED display
device, according to some embodiments.

[0012] FIG. 7A illustrates an example pixel arrangement
of a display device, according to some embodiments.
[0013] FIG. 7B 1s a circuit diagram of a pixel of a display
device, according to some embodiments.

[0014] FIG. 8 illustrates a high level diagram showing
implementation of a foveated display, in accordance with
some embodiments.

[0015] FIG. 9 illustrates a diagram showing foveated
display architecture 1in accordance with some embodiments.
[0016] FIG. 10 illustrates a diagram showing an example
of expanding image data to be displayed on a foveated

display having macropixels of different sizes, 1n accordance
with some embodiments.

[0017] FIGS. 11A and 11B 1illustrate diagrams showing
different configurations in which the demultiplexers can be
coupled to the data lines of the display, in accordance with
some embodiments.

[0018] FIGS. 12A and 12B illustrate diagrams showing

how the demultiplexers of the display are controlled to
perform GDX, in accordance with some embodiments.

[0019] FIGS. 12C and 12D illustrate diagrams showing

how the demultiplexers of the display are controlled to
create 4-pixel macropixels, in accordance with some
embodiments.

[0020] FIG. 13 illustrate diagrams showing how the com-
bination of GDX and GGS 1s usable to create macropixels of
various sizes, 1n accordance with some embodiments.

[0021] FIG. 14 illustrates a high level diagram showing
clectrical properties of a signal line, demultiplexer, and set
of data lines, 1n accordance with some embodiments.

[0022] FIG. 15A illustrates an example of how line time
may be reduced when GDX 1s performed, 1n accordance
with some embodiments.
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[0023] FIG. 15B illustrates an example of how line time
may be reduced when GDX and GGS are performed, in
accordance with some embodiments.

[0024] FIG. 16A illustrates a timing diagram showing
different row periods during which different levels of
grouped demultiplexing 1s performed, 1n accordance with
some embodiments.

[0025] FIG. 16B illustrates a timing diagram showing
different row periods during 1n which different sets of rows
are grouped using GGS, 1n accordance with some embodi-
ments.

[0026] FIG. 17 1s a flowchart illustrating a method of
configuring a display to display foveated image data,
according to some embodiments.

[0027] FIG. 18 1s a flowchart illustrating a method of
configuring a display to perform grouped demultiplexing to
group pixels of adjacent columns for a display device,
according to some embodiments.

[0028] The figures depict embodiments of the present
disclosure for purposes of illustration only.

DETAILED DESCRIPTION

[0029] Relerence will now be made 1n detail to embodi-
ments, examples of which are 1llustrated in the accompany-
ing drawings. In the following detailed description, numer-
ous specific details are set forth i order to provide a
thorough understanding of the various described embodi-
ments. However, the described embodiments may be prac-
ticed without these specific details. In other instances, well-
known methods, procedures, components, circuits, and
networks have not been described in detail so as not to
unnecessarily obscure aspects of the embodiments.

[0030] Embodiments of the invention may include or be
implemented 1n conjunction with an artificial reality system.
Artificial reality 1s a form of reality that has been adjusted in
some manner before presentation to a user, which may
include, e.g., a virtual reality (VR), an augmented reality
(AR), a mixed reality (MR), a hybnd reality, or some
combination and/or derivatives therecol. Artificial reality
content may include completely generated content or gen-
crated content combined with captured (e.g., real-world)
content. The artificial reality content may include video,
audio, haptic feedback, or some combination thereof, and
any of which may be presented in a single channel or 1n
multiple channels (such as stereo video that produces a
three-dimensional eflect to the viewer). Additionally, in
some embodiments, artificial reality may also be associated
with applications, products, accessories, services, or some
combination thereof, that are used to, e.g., create content 1n
an artificial reality and/or are otherwise used 1n (e.g., per-
form activities 1) an artificial reality. The artificial reality
system that provides the artificial reality content may be
implemented on various platforms, including a head-
mounted display (HMD) connected to a host computer
system, a standalone HMD, a mobile device or computing
system, or any other hardware platiorm capable of providing
artificial reality content to one or more viewers.

[0031] Figures (FIGS. 1A and 1B are diagrams of head-
mounted displays (HMDs) 100 that include near-eye dis-
plays (NED) 110, according to some embodiments. The
NED 110 may present media to a user. Examples of media
that may be presented by the NED 110 include one or more
images, video, audio, or some combination thereof. In some
embodiments, audio may be presented via an external device
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(e.g., speakers and/or headphones) that receives audio infor-
mation from the HMD 100, a console (not shown), or both,
and presents audio data to the user based on the audio
information. The HMD 100 1s generally configured to oper-
ate as a virtual reality (VR) HMD. However, 1n some
embodiments, the HMD 100 may be modified to also
operate as an augmented reality (AR) HMD, a mixed reality
(MR) HMD, or some combination thereof. For example, 1n
some embodiments, the HMD 100 may augment views of a
physical, real-world environment with computer-generated
clements (e.g., still images, video, sound, etc.).

[0032] The HMD 100 shown in FIG. 1A or 1B may
include a frame 105 and a display 110. The frame 105 may
include one or more optical elements that together display
media to a user. That 1s, the display 110 may be configured
for a user to view the content presented by HMD 100. As
discussed below 1n conjunction with FIG. 2, the display 110
may include at least one source assembly to generate 1image
light to present optical media to an eye of the user. The
source assembly may include, e.g., a source, an optics
system, or some combination thereof.

[0033] FIGS. 1A and 1B are merely examples of a virtual
reality system, and the display systems described herein may
be mcorporated into further such systems.

[0034] FIG. 2 1s a cross section 200 of the HMD 100
illustrated in FIG. 1A or 1B, in accordance with some
embodiments of the present disclosure. The cross section
200 may include at least one display assembly 210, and an
exit pupil 230. The exat pupil 230 15 a location where the eye
220 may be positioned when the user wears the HMD 100.
In some embodiments, the frame 105 may represent a frame
of eye-wear glasses. For purposes of illustration, FIG. 2
shows the cross section 200 associated with a single eye 220
and a single display assembly 210, but in alternative
embodiments not shown, another display assembly that 1s
separate from or integrated with the display assembly 210
shown 1n FIG. 2, may provide image light to another eye of
the user.

[0035] The display assembly 210 may direct the image
light to the eye 220 through the exit pupil 230. The display
assembly 210 may be composed of one or more materials
(e.g., plastic, glass, etc.) with one or more refractive indices
that effectively decrease the weight and widen a field of view

of the HMD 100.

[0036] In alternate configurations, the HMD 100 may
include one or more optical elements (not shown) between
the display assembly 210 and the eye 220. The optical
clements may act to, by way of various examples, correct
aberrations in 1image light emitted from the display assembly
210, magnily image light emitted from the display assembly
210, perform some other optical adjustment of 1mage light
emitted from the display assembly 210, or combinations
thereof. Example optical elements may include an aperture,
a Fresnel lens, a convex lens, a concave lens, a filter, or any
other suitable optical element that may affect image light.

[0037] In some embodiments, the display assembly 210
may include a source assembly to generate image light to
present media to a user’s eyes. The source assembly may
include, e.g., a light source, an optics system, or some
combination thereof. In accordance with various embodi-
ments, a source assembly may include a light-emitting diode
(LED) such as a micro-LED, an organic light-emitting diode
(OLED), or other type of LED. In some embodiments, the
source assembly may correspond to other types of displays
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in which pixels are arranged in rows and columns, and
connected to respective gate and data lines, such as a liquid
crystal display (LCD).

[0038] FIG. 3 illustrates a perspective view ol a wave-
guide display 300 in accordance with some embodiments.
The waveguide display 300 may be a component (e.g.,
display assembly 210) of HMD 100. In alternate embodi-
ments, the waveguide display 300 may constitute a part of
some other HMD, or other system that directs display image
light to a particular location.

[0039] The waveguide display 300 may include, among
other components, a source assembly 310, an output wave-
guide 320, and a controller 330. For purposes of illustration,
FIG. 3 shows the waveguide display 300 associated with a
single eye 220, but 1n some embodiments, another wave-
guide display separate (or partially separate) from the wave-
guide display 300 may provide image light to another eye of
the user. In a partially separate system, for instance, one or
more components may be shared between waveguide dis-
plays for each eye.

[0040] The source assembly 310 generates 1image light.
The source assembly 310 may include a source 340, a light
conditioning assembly (e.g., a decoupling element 360), and
a scanning mirror assembly 370. The source assembly 310
may generate and output image light 345 to a coupling
clement 350 of the output waveguide 320.

[0041] The source 340 may include a source of light that
generates at least a coherent or partially coherent image light
345. The source 340 may emuit light in accordance with one
or more 1llumination parameters received from the controller
330. The source 340 may include one or more source
clements, including, but not restricted to light emitting
diodes, such as micro-OLEDs, as described 1in detail below
with reference to FIGS. 4-7B. While the below description
primarily describes the source 340 as comprising OLEDs
and/or micro-OLEDs, 1t 1s understood that in other embodi-
ments, the source 340 may comprise other types of source
elements, such as micro-LEDs or an LCD.

[0042] The output waveguide 320 may be configured as an
optical waveguide that outputs image light to an eye 220 of
a user. The output waveguide 320 receives the image light
345 through one or more coupling elements 350 and guides
the recerved input 1image light 345 to one or more decoupling,
clements 360. In some embodiments, the coupling element
350 couples the image light 345 from the source assembly
310 into the output waveguide 320. The coupling element
350 may be or include a diffraction grating, a holographic
grating, some other element that couples the 1image light 345
into the output waveguide 320, or some combination
thereol. For example, in embodiments where the coupling
clement 350 1s a diffraction grating, the pitch of the diffrac-
tion grating may be chosen such that total internal retlection
occurs, and the image light 345 propagates internally toward
the decoupling element 360. For example, the pitch of the
diffraction grating may be 1n the range of approximately 300
nm to approximately 600 nm.

[0043] The decoupling element 360 decouples the total
internally reflected 1mage light from the output waveguide
320. The decoupling element 360 may be or include a
diffraction grating, a holographic grating, some other ele-
ment that decouples image light out of the output waveguide
320, or some combination thereof. For example, in embodi-
ments where the decoupling element 360 1s a diffraction
grating, the pitch of the diflraction grating may be chosen to
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cause 1ncident 1image light to exit the output waveguide 320.
An orientation and position of the image light exiting from
the output waveguide 320 may be controlled by changing an
orientation and position of the image light 345 entering the
coupling element 350.

[0044] The output waveguide 320 may be composed of
one or more materials that facilitate total internal reflection
of the image light 345. The output waveguide 320 may be
composed of, for example, silicon, glass, or a polymer, or
some combination thereof. The output waveguide 320 may
have a relatively small form factor such as for use 1 a
head-mounted display. For example, the output waveguide
320 may be approximately 30 mm wide along an x-dimen-
s1ion, 50 mm long along a y-dimension, and 0.5-1 mm thick
along a z-dimension. In some embodiments, the output
waveguide 320 may be a planar (2D) optical waveguide.

[0045] The controller 330 may be used to control the
scanning operations of the source assembly 310. In certain
embodiments, the controller 330 may determine scanning
istructions for the source assembly 310 based at least on
one or more display instructions. Display instructions may
include 1nstructions to render one or more 1mages. In some
embodiments, display instructions may include an 1image file
(e.g., bitmap). The display instructions may be received
from, e.g., a console of a virtual reality system (not shown).
Scanning instructions may include structions used by the
source assembly 310 to generate image light 345. The
scanning instructions may include, e.g., a type of a source of
image light (e.g. monochromatic, polychromatic), a scan-
ning rate, an orientation of scanning mirror assembly 370,
and/or one or more 1llumination parameters, etc. The con-
troller 330 may include a combination of hardware, soft-
ware, and/or firmware not shown here so as not to obscure
other aspects of the disclosure.

[0046] According to some embodiments, source 340 may
include a light emitting diode (LED), such as an organic
light emitting diode (OLED). An orgamic light-emitting
diode (OLED) 1s a light-emitting diode (LED) having an
emissive electroluminescent layer that may include a thin
film of an organic compound that emits light 1n response to
an electric current. The organic layer 1s typically situated
between a pair of conductive electrodes. One or both of the
clectrodes may be transparent.

[0047] As will be appreciated, an OLED display can be
driven with a passive-matrix (PMOLED) or active-matrix
(AMOLED) control scheme. In a PMOLED scheme, each
row (and line) 1n the display may be controlled sequentially,
whereas AMOLED control typically uses a thin-film tran-
sistor backplane to directly access and switch each indi-
vidual pixel on or off, which allows for higher resolution and
larger display areas.

[0048] In other embodiments, the OLED display 1is

embodied as part of a display panel that does not include any
waveguide. The OLED display may be a screen that 1s
viewable directly by to the user’s eye istead of passing light
through a wavegude.

[0049] FIG. 4 depicts a simplified OLED structure accord-
ing to some embodiments. As shown in an exploded view,
OLED 400 may include, from bottom to top, a substrate 410,
anode 420, hole injection layer 430, hole transport layer 440,
emissive layer 450, blocking layer 460, electron transport
layer 470, and cathode 480. In some embodiments, substrate
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(or backplane) 410 may include single crystal or polycrys-
talline silicon or other suitable semiconductor (e.g., germa-
nium).

[0050] Anode 420 and cathode 480 may include any
suitable conductive material(s), such as transparent conduc-
tive oxides (TCOs, e.g., indium tin oxide (ITO), zinc oxide
(ZnO), and the like). The anode 420 and cathode 480 are
configured to inject holes and electrons, respectively, into
one or more organic layer(s) within emissive layer 450
during operation of the device.

[0051] The hole imjection layer 430, which 1s disposed
over the anode 420, receives holes from the anode 420 and
1s configured to 1nject the holes deeper into the device, while
the adjacent hole transport layer 440 may support the
transport of holes to the emissive layer 450. The emissive
layer 450 converts electrical energy to light. Emissive layer
450 may include one or more organic molecules, or light-
emitting fluorescent dyes or dopants, which may be dis-
persed 1n a suitable matrix as known to those skilled 1n the
art

[0052] Blocking layer 460 may improve device function
by confining electrons (charge carriers) to the emissive layer
450. Electron transport layer 470 may support the transport
of electrons from the cathode 480 to the emissive layer 450.

[0053] Insome embodiments, the generation of red, green,
and blue light (to render full-color images) may include the
formation of red, green, and blue OLED sub-pixels in each
pixel of the display. Alternatively, the OLED 400 may be
adapted to produce white light 1n each pixel. The white light
may be passed through a color filter to produce red, green,
and blue sub-pixels.

[0054] Any suitable deposition process(es) may be used to
form OLED 400. For example, one or more of the layers
constituting the OLED may be fabricated using physical
vapor deposition (PVD), chemical vapor deposition (CVD),
evaporation, spray-coating, spin-coating, atomic layer depo-
sition (ALD), and the like. In further aspects, OLED 400
may be manufactured using a thermal evaporator, a sputter-
ing system, printing, stamping, etc.

[0055] According to some embodiments, OLED 400 may
be a micro-OLED. A “micro-OLED,” in accordance with
various examples, may refer to a particular type of OLED
having a small active light emitting area (e.g., less than
2,000 um?2 1n some embodiments, less than 20 um?2 or less
than 10 um?2 1n other embodiments). In some embodiments,
the emissive surface of the micro-OLED may have a diam-
cter of less than approximately 2 um. Such a micro-OLED
may also have collimated light output, which may increase
the brightness level of light emitted from the small active
light emitting area.

[0056] FIG. S 1s a schematic view of an OLED display
device architecture including a display driver integrated
circuit (DDIC) 510 according to some embodiments.
According to some embodiments, OLED display device 500
(e.g., micro-OLED chip) may include an active display area
530 having an active matrix 532 (such as OLED 400)
disposed over a single crystal (e.g., silicon) backplane 520.
The combined display/backplane architecture, 1.e., display
clement 540 may be bonded (e.g., at or about interface A)
directly or indirectly to the DDIC 510. As 1llustrated 1n FIG.
5, DDIC 510 may include an array of driving transistors 512,
which may be formed using conventional CMOS process-
ing. One or more display driver integrated circuits may be
tformed over a single crystal (e.g., silicon) substrate.
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[0057] In some embodiments, the active display area 530
may have at least one areal dimension (1.e., length or width)
greater than approximately 1.3 inches, e.g., approximately
1.4,15,16,1.7,1.8,1.9, 2.0, 2.25, 2.5, 2.75, or 3 inches,
including ranges between any of the foregoing values,
although larger area displays are contemplated.

[0058] Backplane 520 may include a single crystal or
polycrystalline silicon layer 523 having a through silicon via
525 for electrically connecting the DDIC 510 with the active
display area 530. In some embodiments, active display area
530 may further include a transparent encapsulation layer
534 disposed over an upper emissive surface 333 of active
matrix 532, a color filter 536, and cover glass 538.

[0059] According to various embodiments, the active dis-
play area 530 and underlying backplane 520 may be manu-
factured separately from, and then later bonded to, DDIC
510, which may simplify formation of the OLED active
area, mncluding formation of the active matrix 532, color
filter 536, etc.

[0060] The DDIC 510 may be directly bonded to a back
face of the backplane opposite to active matrix 532. In
further embodiments, a chip-on-tlex (COF) packaging tech-
nology may be used to integrate display element 540 with
DDIC 510, optionally via a data selector (1.e., multiplexer)
array (not shown) to form OLED display device 500. As
used herein, the terms “multiplexer” or “data selector’” may,
in some examples, refer to a device adapted to combine or
select from among plural analog or digital input signals,
which are transmitted to a single output. Multiplexers may
be used to increase the amount of data that can be commu-
nicated within a certain amount of space, time, and band-

width.

[0061] As used herein, “chip-on-tlex” (COF) may, 1n some
examples, refer to an assembly technology where a micro-
chip or die, such as an OLED chip, 1s directly mounted on
and electrically connected to a flexible circuit, such as a
direct driver circuit. In a COF assembly, the microchip may
avold some of the traditional assembly steps used {for
individual IC packaging. This may simplily the overall
processes of design and manufacture while improving per-
formance and yield.

[0062] In accordance with certain embodiments, assembly
of the COF may include attaching a die to a flexible
substrate, electrically connecting the chip to the flex circuit,
and encapsulating the chip and wires, e.g., using an epoxy
resin to provide environmental protection. In some embodi-
ments, the adhesive (not shown) used to bond the chip to the
flex substrate may be thermally conductive or thermally
insulating. In some embodiments, ultrasonic or thermosonic

wire bonding techniques may be used to electrically connect
the chip to the tlex substrate.

[0063] FIG. 6 1s a schematic view of a display device 600

according to some embodiments. The display device 600
may be an OLED display device, and include, among other
components, the DDIC 510 and the display element 540.
The display eclement 540 may be an integrated circuit
including the backplane 520, the active display area 530,
bonding pads 640, and a control circuit for controlling the
active display area 330. The control circuit may include a
gate driver 635. The DDIC 510 may include a timing
controller 610, a data processing circuit 615, an input/output
(I/0) interface 625, a mobile industry processor interface
(MIPI) receiver 630, a source driver circuit 645 and signal
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lines 624. In other embodiments, one or more components of
the DDIC 510 may be disposed in the display element 540.
[0064d] The timing controller 610 may be configured to
generate timing control signals for the gate driver 635, the
source driver circuit 645, and other components in the
display element 540. The timing control signals may 1nclude
one or more clock signals, a vertical synchronization signal,
a horizontal synchromization signal, and a start pulse. How-
ever, timing control signals provided from the timing con-
troller 610 according to embodiments of the present disclo-
sure are not limited thereto.

[0065] The data processing circuit 615 may be configured
to recerve 1image data DATA from the MIPI receiver 630 and
convert the data format of the image data DATA to generate
data signals input to the source driver circuit 643 for
displaying 1mages in the active display area 530.

[0066] The 1I/O mterface 625 1s a circuit that receives
control signals from other sources and sends operation
signals to the timing controller 610. The control signals may
include a reset signal RST to reset the display element 540
and signals according to serial peripheral interface (SPI) or
inter-integrated circuit (12C) protocols for digital data trans-
ter. Based on the received control signals, the 1/0 interface
6235 may process commands from a system on a chip (SoC),
a central processing unit (CPU), or other system control
chup.

[0067] The MIPI recerver 630 may be a MIPI display
serial 1nterface (DSI), which may include a high-speed
packet-based interface for delivering video data to the pixels
in the active display area 530. The MIPI receiver 630 may
receive 1mage data DATA and clock signals CLK and
provide timing control signals to the timing controller 610
and 1mage data DATA to the data processing circuit 615.

[0068] The active display area 330 may include a plurality
of pixels arranged into rows and columns with each pixel
including a plurality of subpixels (e.g., a red subpixel, a
green subpixel, a blue subpixel). Each subpixel may be
connected to a gate line GL and a data line DL and driven
to emit light according to a data signal received through the
connected data line DL when the connected gate line GL
provides a gate-on signal to the subpixel.

[0069] The backplane 520 may include conductive traces
for electrically connecting the pixels in the active display
arca 530, the gate driver 635, the source driver circuit 645,
and the bonding pads 640. The bonding pads 640 are
conductive regions on the backplane 520 that are electrically
coupled to the signal lines 624 of the DDIC 510 to receive
timing control signals from the timing controller 610, and
data signals from the source driver circuit 645. The bonding
pads 640 are connected to the gate drniver 635 and other
circuit elements 1n the backplane 520. In the embodiment
illustrated 1n FIG. 6, the DDIC 510 generates data signals
and timing control signals and transmits the signals to the
bonding pads 640 of the display element 540. However, in
other embodiments, the timing controller 610, the source
driver circuit 645 and/or the data processing circuit 615 may
be 1n the display element 540 instead of the DDIC 510.
When the timing controller 610 and/or the data processing
circuit 615 are on the display element 540, there may be
fewer bonding pads 640 since the data signals and timing
control signals may be directly transmitted to the corre-
sponding component without a bonding pad 640.

[0070] The gate driver 635 may be connected to a plurality
of gate lines GL and provide gate-on signals to the plurality
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of gate lines GL at appropniate times. The gate driver 635
includes a plurality of stages, where each stage 1s connected
to a gate line GL that outputs gate-on signals to a row of
pixels.

[0071] The source drniver circuit 645 may receive data
signals from the data processing circuit 615 and provide the
data signals to the active display area 530 via data lines DL.
The source driver circuit 645 may include a plurality of
source drivers, each source driver connected to a column of
pixels via a data line DL.

[0072] FIG. 7A illustrates an example pixel arrangement
of a display device, according to some embodiments. The

pixel arrangement includes, among others, columns of pixels
712 A through 712N (collectively referred to also as “pixels

712” hereinatiter), columns of pixels 722A through 722N
(collectively referred to also as “pixels 7227 heremafter),
columns of pixels 732A through 732N (collectively referred
to also as “pixels 732" hereinafter), and columns of pixels
742 A through 742N (collectively referred to also as “pixels
742” hereinafter). Although not illustrated i FIG. 7A,
additional columns of pixels may be arranged at the right
side and/or the left side of pixels columns shown. Each of
pixels (e.g., pixel 712B) 1s connected to a corresponding
data line (e.g., DL1) and a gate line (e.g., GLB). In some
embodiments, each of the pixels 712, 722, 732, and 742
corresponds to an OLED pixel. In other embodiments, each
pixel 712, 722, 732, and 742 another type of pixel, such as
a micro-LED pixel, an LCD pixel, and/or the like.

[0073] Data lines (e.g., DL1 through DIL4) are connected
to a demultiplexer 716 that 1s connected to the source driver
circuit 643 via the signal line 748 to receive multiplexed
pixel data. Although only a single demultiplexer 716 1s
illustrated 1 FIG. 7A, other demultiplexers connected to
different signal lines and other columns of pixels may be
arranged at the right side and/or the left side of demulti-
plexer 716 to program additional columns of pixels. For
example, in some embodiments, the display element com-
prises a plurality of demultiplexers, each connected to the
source driver circuit 645 via a respective signal line and to
a respective set of pixel columns via a respective set of data
lines.

[0074] Pixel data VDATA for programming columns of
pixels 1s time multiplexed by a multiplexer (not shown) and
then demultiplexed by demultiplexer 716 so that fewer
signal lines (e.g., line 748) may be used between the source
driver circuit 645 and the array of pixels. Because each
demultiplexer receives pixel data VDATA for programming
pixels for 1ts respective set columns of pixels in parallel, an
amount of time needed to program all pixels for a particular
row n of the display unit (referred to as a row period T, ;)
may be defined by an amount of time to program the pixels
of the row n corresponding to a particular demultiplexer.
Although 1t 1s beneficial to multiplex the pixel data for more
data lines using the multiplexer and the demultiplexer, the
settling time associated with a reference voltage for com-
pensating the threshold voltage of driving transistors in the
pixels may restrict the extent of multiplexing/demultiplex-
ng.

[0075] In some embodiments, each of the pixels 712, 722,
732, and 742 correspond to subpixels associated with a
specific color channel. For example, in some embodiments
as discussed above, each pixel of the display contains three
subpixels corresponding to red, green, and blue color chan-
nels. In some embodiments, the pixels 712, 722, 732, and
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742 connected to a common demultiplexer 716 correspond
to subpixels of different color channels. For example, pixels
712, 722, and 732 may correspond to red, green, and blue
subpixels, respectively, for a given column of pixels, while
pixels 742 correspond to red subpixels for another column of
pixels. In other embodiments, the pixels 712, 722, 732, and
742 connected to a common demultiplexer 716 correspond
to subpixels of the same color channel. For example, the
pixels 712, 722, 732, and 742 may correspond to red
subpixels for different columns of pixels of the display.

[0076] The gate lines GLA through GLN provide gate-on
signals to pixels from the gate driver 635. In the example of
FIG. 7A, each row of pixels 1s connected one of the gate
lines GLA through GLN to receive a gate-on signal. The
gate-on signal indicates when a row of pixels should be
connected to a data line to receive pixel data for program-
ming the pixels, by controlling a data selection switch (SEL)
of each pixel (e.g., as shown in FIG. 7B), where the SEL
switch 1s turned on when the gate-on signal 1s active but 1s
turned ofl when the gate-on signal 1s 1active.

[0077] The display element 540 further includes timing
signal lines (not shown) from the gate driver 635 to provide
other timing signals. For example, the display element 540
may include horizontal lines carrying timing signals for
operating various switches 1n the pixels, as described below

with reference to FIG. 7B.

[0078] FIG. 7B 1s a circuit diagram of a pixel, according
to some embodiments. The pixel 700 may be any of the
pixels 1n the display element 540 including, but not limited
to pixels 712, 722, 732, or 724. While FIG. 7B illustrates the
pixel 700 as an OLED pixel, 1t 1s understood that in other
embodiments, the pixels of the display element 540 may be
implemented as other types of pixels (e.g., LED pixels, LCD
pixels, etc.) The pixel 700 may include, among other com-
ponents, switch SEL, a driving transistor M, an OLED,
switch REST, switch SW, capacitor Cstl and capacitor Cst2.
The OLED 1s connected between a low voltage source
ELVSS and a drain of the driving transistor M,. When
switch SW 1s turned on and switch REST i1s turned off, the
driving transistor M,, generates current in its drain that
increases as a voltage stored by the storage capacitor Cstl
increases. The current 1s then provided to the OLED to drive
the OLED. The OLED then generates light of intensity that
corresponds to the amount of current provided by the driving
transistor M.

[0079] The switch SEL controls a connection between the
gate terminal of the driving transistor M, and the data line
DL. When the gate line GL provides a gate-on signal (e.g.,
turns low), the switch SEL turns on, connecting the gate of
the driving transistor M, to the data line DL and Charglng
the storage capacitor Cstl based on a voltage difference
between the voltage of the pixel data at the data line DL and
the high voltage level (ELVDD). When the gate-on signal 1s
turned off 1n gate line GL, the switch SEL 1s turned off,

disconnecting the gate of the driving transistor M, from the
data line DL.

[0080] The switch REST enables or disables the current
from the driving transistor M, to flow 1n the OLED. When
the switch REST 1s turned on, current from the driving
transistor M, flows through the switch REST to ground
(AGND) that has a lower potential than the low voltage level
ELVSS. Conversely, when the switch REST 1s turned off, the
current from the driving transistor M, tlows 1n the OLED.
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[0081] The switch SW 1s turned on or ofl to couple a high
voltage source ELVDD to a source of the driving transistor
M. Capacitor Cst2 stores a voltage diflerence between the
high voltage source ELVDD and the source of the driving
transistor M, when the switch SW 1s turned off.

[0082] In some embodiments, driving transistor M, the
selection switch (SEL), reset switch (RES), and emission
switch (SW) are each implemented as P-channel metal-
oxide-semiconductor (PMOS) transistors, where gate sig-
nals of the selection switch (SEL), reset switch (RES), and
emission switch (SW) are controlled by the timing signals
provided via the gate driver circuitry of the display. In other
embodiments, one or more of these components may be
implemented using other types of switches (e.g., an NMOS
transistor).

[0083] In some embodiments, data 1s written to each row
of pixels of a display panel (e.g., display element 340) of a
display device sequentially. For example, 1n some embodi-
ments, the gate driver 635 includes a pulsing or shifting gate
signal (also referred to herein as an “enable pulse™) that
travels along a series of shift registers corresponding to the
rows of the display panel. The enable pulse may serve as the
gate-on signal provided along the gate line connecting a row
of pixels, and each row of the display panel 1s programmed
during a time period T, (also referred to as a gate-on
period or a row period) during which the enable pulse 1s
provided to the gate line GL for the row. The frame rate of
the display 1s based on a row period T,_  for programming
cach row of the display panel. In addition, as discussed
above, the pixels of each row are grouped based on one or
more demultiplexers, where the row period T,  may be
based on an amount of time to program the pixels of the row
corresponding a particular demultiplexer.

[0084] In some embodiments, a display device 1s config-
ured to group the programming of pixels of multiple rows
and/or multiple columns, where the same data value 1is
provided to each pixel of the multiple rows and/or multiple
columns simultaneously, resulting 1n a “virtual pixel” made
up of multiple native pixels (also referred to as a “mac-
ropixel”). For example, the display device may group native
pixels within m columns by n rows (where m and n are
integers, and at least one of m or n 1s greater than 1), where
cach pixel of the m columns and n rows 1s driven simulta-
neously to create an mxn macropixel. As used herein,
columns may refer to pixels arranged 1n a direction parallel
to the data lines of the display, while rows may refer to
pixels arranged 1n a direction parallel to the gate lines of the
display, even though certain figures may, for illustrative
purposes, 1llustrate data lines extending in horizontal direc-
tions and gate lines extending in vertical directions.

[0085] In some embodiments, grouping ol native pixels
into macropixels 1s performed to reduce an overall effective
resolution of the display panel. For example, by grouping
2x2 sets of native pixels into macropixels, the eflective
resolution of the display 1s reduced by a factor of 4. In other
embodiments, grouping ol pixels mto macropixels 1s per-
formed as part of implementing a foveated display, where
different regions of the display panel are configured to
display image data at diflerent resolutions. For example, 1n
some embodiments, the display device 1s configured to
display 1mage data within a first display region at a native
resolution, and 1image data within one or more additional
display regions at lower resolutions, based upon the size of
the macropixels within each region. In some embodiments,
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the locations of each display region within the display are
fixed (referred to as fixed foveated rendering, or FFR). In
some embodiments, the locations of the display regions of a
toveated display panel are configured dynamically based
upon a gaze direction of the user (referred to as gaze-tracked
foveated rendering, or GFR), e.g., where a region of display
around the gaze direction of the user (e.g., centered on a
location of the display corresponding to the user’s gaze) 1s
configured to display image data at a native resolution,
whereas other regions of the display are configured to
display 1mage data at lower resolutions.

[0086] FIG. 8 illustrates a high level diagram showing
implementation of a foveated display, in accordance with
some embodiments. In some embodiments, the display
device receives input 1image data 802 to be displayed on the
display panel, where the input 1image data 802 comprises
first 1mage data 804 at a first resolution (e.g., a native
resolution of the display device) and second 1image data 806
at a second lower resolution. In embodiments where mac-
ropixel grouping 1s not used, the image data 1s upscaled (e.g.,
by mapping each pixel of the second image data 806 to a
plurality of native pixels of the display) to generate the
displayed image data 808, which 1s displayed entirely 1n the
native resolution of the display device. On the other hand, in
embodiments where macropixel grouping 1s used, the dis-
play image data 810 1s displayed 1n a first region 812 using
the native pixels of the display device, and 1 a second
region 814 using macropixels comprising groups of native
pixels programed concurrently using the same data. In some
embodiments, different regions of the display may be asso-
ciated with different macropixel grouping sizes. For
example, the display image data 810 may further include a
third region 816 comprising macropixels of a different size
compared to those of the second region 814.

[0087] In some embodiments, by grouping native pixels
into macropixels, power consumption of the display device
may be reduced. In other embodiments, macropixel group-
ing 1s used to reduce increase a refresh rate of the display. In
some embodiments, the use of macropixels allows for the
use of displays with greater native resolutions than could be
otherwise achieved for a given refresh rate. For example, 1n
some embodiments, a display having above a certain native
resolution (e.g., 5 k+ native resolution) would not be able to
be implemented with a desired refresh rate (e.g., 90 Hz), due
to a required minimum charging time needed for each row.
However, by implementing a foveated display in which
native pixels of the display are grouped into macropixels, the
ellective resolution of the display 1s lowered, allowing for
use of displays with higher native resolution, while still
maintaining a desired relresh rate.

[0088] FIG. 9 illustrates a diagram showing foveated
display architecture 1n accordance with some embodiments.
In some embodiments, foveated image data 902 is initially
generated at a graphics processing unit (GPU) 910, and
processed at a display processing unit (DPU) 920 before
being transmitted to the OLED display, which comprises

DDIC 930 and display element 940 (which may correspond
to the DDIC 510 and display element 340 illustrated 1n FIG.

6). In some embodiments, the GPU 910 and DPU 920 are
part of the same system on chip (SoC). In some embodi-
ments, the SoC may include multiple GPUs and/or multiple
DPUs. In some embodiments, the GPU 910 and DPU 920
are located on a processor or console separate from the
OLED display.
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[0089] In some embodiments, GPU 910 and DPU 920
perform one or more i1mage processing functions on the
received foveated image data 902. For example, where the

initial foveated image data 902 comprises multiple layers,
the GPU 910 and DPU 920 may perform composite func-

tions 912 on the image data 902 that combines the layers of
the 1mage data (e.g., into a single layer). In some embodi-
ments, the DPU 920 performs color aberration compensa-
tion (CAC) 914 on the image data, which may be used to
compensate for chromatic aberration caused by magnifying
lenses used 1n VR or AR displays. In some embodiments,

these functions may be performed on either the GPU 910 or
the DPU 920.

[0090] The metadata generation module 916 generates
metadata 904 associated with the foveated image data 902.
In some embodiments, the metadata generation module 916
collects metadata recerved from the CPU or GPU describing
the foveated image data 902. In some embodiments, the
generated metadata specifying locations of two or more
display regions of the display, an effective resolution and/or
macropixel size of each display region, or some combination
thereol. In other embodiments, where the display 1s config-
ured to implement GFR, the metadata may indicate a gaze
location, whereupon the DDIC determines the locations of
different display regions based on the received gaze location
(e.g., a central display region of native resolution centered
on the gaze location, one or more peripheral display regions
of lower effective resolution outside the central region, etc.).
In some embodiments, the image data 902 may be of a native
resolution, and the metadata 904 1s used by the DDIC to
downsample portions of the image data 902 to generate
foveated 1mage data. In some embodiments, the metadata
generation module 916 generates the metadata 1n a format
that 1s compatible with display stream compression algo-
rithms such as Display Stream Compression (DSC) or
VESA Display Compression-M (VDC-M), 1n order to facili-
tate transmission of the metadata from the GPU 910/DPU
920 to the DDIC 930. While FIG. 9 shows the metadata
generation module 916 generating the metadata for the
foveated 1mage data 902 between performance of different
image processing functions (e.g., between performance of
composite functions 912 and CAC 914), it 1s understood that
in other embodiments, the metadata generation module 916
may generate the metadata for foveated image data 902
before performance of the image processing functions, or
alter performance of different 1mage processing functions.
In some embodiments, the metadata generation module 916
may be located on the GPU 910, while 1n other embodi-

ments, the metadata generation module 916 may be located
on the DPU 920.

[0091] Transmitter 918 encodes the foveated image data
902 and the generated metadata 904 into a stream of packets
906, to be transmitted to the DDIC 930. In some embodi-
ments, the transmitter 918 comprises an encoder that
encodes the packets using a compression algorithm, e.g.,
DSC, VDC-M, etc. In some embodiments, the transmitter
918 encodes portion of the image data 902 and the metadata
904 into common packets. In other embodiments, the trans-
mitter 918 encodes the image data 902 and the metadata 904
into separate packets. In embodiments where dual transmis-
sion channels are available, the image data and metadata
may be transmitted via separate channels. In other embodi-
ments where only one channel 1s available, packets of image
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data and metadata may be multiplexed, or metadata may be
embedded as part of the packets of 1mage data.

[0092] The DDIC 930 recerves the packets 906 compris-
ing the foveated image data 902 and metadata 904 via a
receiver 932, which decodes the received packets to retrieve
the foveated image data 902 and metadata 904. In some
embodiments, the recerver 932 may correspond to the MIPI
recetver 630 illustrated 1n FIG. 6. In some embodiments, the
DDIC 930 performs one or more 1image processing functions
934 on the received foveated image data 902, such as digital
to analog conversation (DAC) and filtering such as low-pass
(LP), band-pass (BP), or high-pass (HP) filtering. The image
processing functions 934 may also include a timing control
circuit (IT'CON). In some embodiments, the TCON generates
the timing of control signals (e.g., demultiplexer control
signals, row enable pulse, etc.) for configuring the pixels of
the display (described in greater detail below).

[0093] The DDIC 930 includes an expander circuit (or
“expander”) 936 configured synthesize the locations of
macropixels to be displayed by the display element 940,
based on the received metadata 904, for which to display the
foveated 1mage data 902. For example, the expander 936
uses the metadata 904 to determine groupings of rows and
columns of the display element 940, to establish macropix-
cls spanming mxn pixels that are concurrently loaded with
common i1mage values. In some embodiments, the expander
936 sets grouped demultiplexing parameters for grouping
sets of m columns, and control codes for performing
grouped gate scanmng to group sets of n rows, to establish
mxn macropixels. In some embodiments, the metadata 904
may directly indicate numbers of rows and columns to be
grouped by the expander 936. In other embodiments, where
the metadata 904 does not directly indicate the grouping of
rows and columns (such as in cases where the metadata 904
indicates a center of the display in a GFR display), the
expander may determine which rows and columns of the
display to be grouped based on the metadata 904. In some
embodiments, the expander 936 1s implemented as part of
the data processing circuit 615 illustrated 1n FIG. 6.

[0094] In some embodiments, by expanding the foveated
image data after 1t 1s transmitted to the DDIC 930, the
amount ol image data needed to be transmitted may be
reduced. For example, because the foveated image data 1s to
be displayed using macropixels 1n which every pixel within
the macropixels 1s loaded with the same 1mage data simul-
taneously, the foveated image data 902 does not need to
indicate pixel values for each native pixel of the display.
Instead, the foveated image data 902 may only need to
contain pixel data values of each micropixel of the image to
be displayed, resulting i a lower number of pixel values that
need to be transmitted for each image.

[0095] As discussed above, an mxn macropixel may cor-
respond to a grouping of m columns and n rows of the
display, such that all pixels 1n the intersection of the m
columns and n rows are programmed with the same 1image
data simultaneously, as if they were a single pixel. In some
embodiments, the m columns of the display are grouped
using grouped demultiplexing (GDX), which is discussed in
greater detail below. The n rows of the display are grouped
using grouped gate scanning (GGS), which the gate lines of
multiple rows are grouped together, such that data from the
data lines of the display 1s written to the pixels of each of the
grouped rows concurrently, resulting 1n each of the grouped
rows recerving the same 1mage data. By grouping diflerent
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sets of rows and columns at different portions of the display,
different display regions having diflerent eflective resolu-
tions (e.g., different sized macropixels) can be created.

[0096] FIG. 10 1llustrates a diagram showing an example
of expanding image data to be displayed on a foveated
display having macropixels of different sizes, 1n accordance
with some embodiments. As shown in FIG. 10, the image
data 1002 (which may correspond to the image data 902
illustrated 1n FIG. 9 received by the GPU) may be 1n a
compressed format. For example, the image data 1002 may
specily, for each macropixel to be displayed, a single pixel
value corresponding to the image data to be applied to all
pixels of the macropixel, reducing a total number of pixels
of the image data 1002 and reducing an amount of data to be
transmitted between the GPU/DPU and DDIC. The image
data 1002 1s expanded at the DDIC (e.g., by the expander
936) to generate the image data 1004, based on the received
metadata indicating macropixel groupings to be displayed.
For example, as shown in FIG. 10, the image data 1004
includes a plurality of display regions, each having a dii-
terent eflective resolution resulting from different groupings
of rows and columns to produce macropixels of different
sizes. In some embodiments, the size and locations of the
display regions may be selected based upon an expected
field of view of the user’s eye when viewing the display. For
example, 1n some embodiments, a central display region of
the display may be selected to correspond to approximately
20 degrees of the user’s field of view 1n the horizontal and
vertical directions.

[0097] The number of rows and number of columns that
are grouped together can be independently configured 1n
different regions of the display, to create macropixels of
different sizes. For example, in a center region 1006, no
grouping ol rows or columns 1s performed, such that the
ellective resolution of the region 1s the same as the native
resolution. However, 1n region 1008, the foveated display
groups sets of two rows together, while columns remain
ungrouped, creating 1x2 macropixels 1 these regions,
resulting in an eflective resolution that 1s half that of the
native resolution. Similarly, in regions 1010, the foveated
display groups sets of two columns and sets of two rows,
creating 2x2 macropixels, resulting 1n the regions having an
effective resolution that 1s %4 that of the native resolution.
This extends outwards to regions 1012, corresponding to
corner regions that are farthest away from the center region
1006, 1n which sets of four rows and sets of four columns are
grouped together, resulting 1n Vis eflective resolution. In
some embodiments, the expander configures the grouping of
rows and columns based on the position of each region
within the 1mage data, based upon the received metadata.
For example, in some embodiments, where column grouping
1s applied across an entire row, for rows with mixed reso-
lution (e.g., 1x1 pixels and 2x1 pixels), column grouping
may be implemented based upon the higher resolution, such
that image data for each lower-resolution pixel of the row
(comprising a plurality of native pixels spanning multiple
columns) 1s provided over separate time periods, istead of
concurrently. As the data provided via the signal line to the
data lines 1s constant over the separate time periods, some
power savings relative to programming the higher-resolution
pixels of the row may be achieved.

[0098] As discussed above, 1n some embodiments, the
data lines of the display are connected to a plurality of
demultiplexers (e.g., demultiplexers 716 1llustrated 1n FIG.
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7A), which provide data from the signal lines (e.g., signal
lines 748/624) of the DDIC to the data lines 1 a time-

multiplexed fashion. FIGS. 11 A and 11B 1llustrate diagrams
showing different configurations in which the demultiplex-
ers can be coupled to the data lines of the display, in
accordance with some embodiments. In the first example
shown 1 FIG. 11A, each demultiplexer 1102 (demultiplex-
ers 1102A through 1102I) connects a respective signal line
of the DDIC to four data lines of the display, where each data
line corresponds a color channel for a particular column of
pixels. In the embodiment shown in FIG. 11 A, each demul-
tiplexer 1s connected to data lines corresponding to diflerent
color channels. For example, the first demultiplexer 1102A
1s connected to the Red, Green, and Blue data lines for a first
column of pixels, and the Red data line for a second subset
of pixels, while the second demultiplexer 1102B 1s con-
nected to the Green and Blue data lines for the second
column of pixels, and the Red and Green data lines for a
third column of pixels. The demultiplexers 1102 are con-
trolled using the control signals DMX1 through DMXn
(e.g., DMX1 through DMX4), which are activated 1n
sequence to cause each of the demultiplexers 1102 to
provide the data of 1ts respective signal line to a correspond-
ing data line.

[0099] In accordance with some embodiments, grouping
columns of the display using grouped demultiplexing
(GDX) comprises configuring the demultiplexers that pro-
vide data from the signal lines of the DDIC to the data lines
of the display to provide the same data to multiple pixels
concurrently. In some embodiments, to facilitate the ability
for the same data to be provided to different pixels (e.g.,
pixels of different columns to be grouped together to form a
macropixel), the demultiplexers, instead of being connected
to data lines corresponding to different color channels, are
configured to be connected to the same color channel for
different pixels, such that each demultiplexer 1s able to
provide 1mage data for a particular color channel for a
plurality of pixels simultancously. FIG. 11B 1illustrates an
example arrangement of demultiplexers with which GDX
may be performed, 1n accordance with some embodiments.
As shown 1n FIG. 11B, each of the demultiplexers 1104 A-F
are each configured to receive 1image data corresponding to
a single color channel (Red, Green, or Blue), and to provide
the 1image data to up to six different data lines corresponding,
to six different columns of pixels, based on received control
signals DMX1 through DMX6. Because each demultiplexer
1s associated with only a single color channel, each pixel is
connected to three different demultiplexers via respective
data lines (e.g., a first multiplexer configured to provide Red
channel i1mage data to the pixel, a second multiplexer
configured to provide Blue channel image data to the pixel,
and a third demultiplexer configured to provide Green
channel 1mage data to the pixel), and can be programmed
based on activation of a single control signal of the control
signals DMX1 through DMX6. For example, when the
control signal DMX1 1s activated, the data lines for a first
pixel 1106 A are loaded with R, G, and B color channel data
via demultiplexers 1104A, 1104B, and 1104C. In some
embodiments, each of the demultiplexers 1104 1s 1mple-
mented using long metal segments 1108 extending beneath
the control lines DMX1 through DMXn (e.g., DMX1
through DMX6), each connected to a control line via a
respective contact 1110. In some embodiments, the metal
segments 1108 extending beneath the plurality of control
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lines enable easy layout modification, as each segment can
be connected to any of the control lines based on the
placement of the contacts 1110.

[0100] By configuring the demultiplexers to be only pro-
vide any data for a particular color channel to its connected
data lines, each signal line connected to a demultiplexers
only provides 1mage data for that particular color channel.
This may serve to reduce an amount of power needed to
drive the display panel, as changes 1n 1image data values for
the same color channel of adjacent pixels 1s typically small,
particularly when displaying image content with large areas
of flat textures, 1n comparison to changes in 1mage data
values of different color channels. For example, in some
embodiments, the power consumption of the display 1is
based on an amount of current used to drive the data lines,
which 1s a function of the toggling frequency of the source
driver and data lines, and a voltage diflerence for each
conversion at the source drniver and data lines. When each
signal line provides data corresponding to a particular color
channel for adjacent pixels of the display, the toggling
frequency and voltage difference are reduced, lowering
power consumption.

[0101] FIGS. 12A and 12B illustrate diagrams showing
how the demultiplexers of the display are controlled to
perform GDX, 1n accordance with some embodiments. FIG.
12A 1llustrates a demultiplexer 1202 where, for ease of
illustration, the data lines connected to the demultiplexer
1202 are shown extending 1n the horizontal direction, and
gate lines of the display as extending in the vertical direc-
tion, even though pixels along a same data line are still
referred to as a column, and pixels along a same gate line are
referred to as a row. The demultiplexer 1202 1s configured to
provide blue color channel data to a plurality of data lines
1204 (e.g., s1x data lines) connected to the blue subpixels of
a plurality of pixel columns (e.g., six pixel columns), based
on the timing of the control signals DMX1 through DMX6.
The specific pixels of the columns onto which the data 1s
loaded during a given time period 1s based on which gate
line 1206 of the display 1s active during the time period. In
some embodiments, during different row periods T, ., dif-
ferent timings ol demultiplexer control signals may be used,
to allow for different rows to contain different groupings of
pixels. For example, FIG. 12A illustrates an example in
which, for six data lines controlled by the demultiplexer
1202, no grouping of pixels 1s performed for pixels on a first
row, groupings of two 1s performed for pixels on a second
row, groupings of 3 i1s performed for pixels on a third row,
and grouping of six 1s performed for pixels on a fourth row.

[0102] FIG. 12B illustrates a timing diagram showing
control signal timings for grouping diflerent combinations of
pixels illustrated 1n FIG. 12A when performing GDX, in
accordance with some embodiments. As shown in FIG. 12B,
over each of a plurality of row periods T, . data 1s loaded
onto the data lines 1204 by the demultiplexer 1202, based on
the control signals DMX1 through DMX6, which 1s written
to the pixels of one or more rows based on which gate lines
1206 (e.g., SELL1, SEL2, SEL3, or SEL4 corresponding to
first, second, third, and fourth rows) are activated during the
row period. During the first row period, during which no
pixel grouping 1s performed, the control signals for the
demultiplexer DMX1 through DMX6 are provided 1n
sequence, allowing for the demultiplexer 1202 to provide
via the signal line different 1mage data (e.g., data values B1
through B6) to be loaded onto each data line. Fach control
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signal 1s activated for period of time T, which corresponds
to an amount of time suflicient to charge a data line. As
discussed above, because the demultiplexers of the display
load data onto their respective sets of data lines 1n parallel,
the row period 15,4 may be based on a loading time used
by a particular demultiplexer to load data onto 1ts data lines

(c.g., based on 6T).

[0103] By controlling the timing of the control signals
DMX1 through DMX6, pixels of adjacent columns can be
grouped and concurrently provided with the same image
data. For example, to group pairs of pixels on adjacent
columns, multiple control signals are provided concurrently,
and the demultiplexer 1202 provides the same 1mage data to
multiple data lines concurrently. For example, as shown in
FIG. 12B, during a second row period Tg,;;- the control
signals DMX1 through DMXé6 are activated 1n pairs (e.g.,
DMX1 with DMX2, DMX3 with DMX4, and DMXS with
DMX6), such that the demultiplexer 1202 couples the signal
line to a pair of data lines 1204 at a time (e.g., to provide data
value Bl to the data lines corresponding to DMX1 and
DMX2, data value B3 to the data lines corresponding to
DMX3 and DMX4, and data value BS to the data lines
corresponding to DMX5 and DMX6), such that data from
the signal line 1s provided to both data lines concurrently. In
addition, as coupling the signal line to multiple data lines at
a time may increase charging time need to load the data onto
the data lines, each pair of control signals 1s provided for a
longer period of time (e.g., ~2'T) compared to when only a
single control signal 1s provided at a time. However, as the
number of transitions 1s decreased due to the control signals
being provided in pairs, the total row period Ty ,4- 15 not
increased.

[0104] As shown in FIG. 12B, during a third row period,
the control signals DMX1 through DMXé6 are activated in
sets of three, each set provided over a time period of ~37T,
such that the demultiplexer 1202 couples the signal line to
three data lines 1204 at a time to create 3-column macropix-
els (e.g., a first macropixel provided data value B1 com-
prising pixels on data lines corresponding to DMX1, DMX2,
and DMX3, and a second macropixel provided data value
B4 comprising pixels on data lines corresponding to DMX4,
DMXS5, and DMX6). In addition, during a fourth row period,
the control signals DMX1 through DMX6 are all activated
together (e.g., over a time period of ~6T) to create a
macropixel spanning six columns. For example, as shown in
FIG. 12A, when all control signals DMX1 through DMX6
are activated, the demultiplexer 1202 provides the same
signal line value (e.g., B1) to all six of 1ts connected data
lines 1204 simultaneously, which are loaded onto the pixels
for a particular row of the display when the gate select signal
(e.g., SEL4) for the row 1s recerved.

[0105] For embodiments such as that illustrated 1n FIGS.
12A and 12B 1n which each demultiplexer 1s connected to
s1X data lines, 2-column, 3-column, and 6-column macropix-
¢ls can be constructed by grouping demultiplexer control
signals 1n groups of 2, 3, or 6, as 2, 3, and 6 divide evenly
into 6. FIGS. 12C and 12D illustrate diagrams showing how
the demultiplexers of the display are controlled to create
4-pixel macropixels, 1n accordance with some embodiments.
As shown 1n FIG. 12C, as 4 does not divide evenly into 6,
when creating multiple 4-column macropixels, some of the
macropixels may span data lines corresponding to diflerent
multiplexers. For example, FIG. 12C illustrates a first
demultiplexer 1212A for providing blue channel data to a
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first set of six data lines, and as second demultiplexer 12128
for providing blue channel data to a second set of six data
lines. The control signals DMX1 through DMX6 are shared
between all of the demultiplexers, including first demulti-
plexer 1212 A and second demultiplexer 12128, which can
be used to provide data to pixels on their respective sets of
data lines, as individual pixels (no grouping), 2-column
macropixels, 3-column macropixels, and 6-column mac-
ropixels (not shown i FIG. 12C) 1n the same manner as
discussed above in relation to FIGS. 12A and 12B. In
addition, because the control signals DMX1 through DMX6
are shared by the demultiplexers, the 4-column macropixel
1s implementing using 2xtiming, during which each demul-
tiplexer provides data from 1ts respective signal line to a pair
of data lines. In some embodiments, this may be performed
instead of grouping four data lines, as the data lines to be
grouped for each demultiplexer may be different, creating
potential contlict.

[0106] Although FIGS. 11A-12D shown demultiplexers
connected to six data lines each, 1t 1s understood that in other
embodiments, each demultiplexer may be configured with a
different number of branches. In some embodiments, the
number of branches per demultiplexer 1s selected based on
a time period T suflicient to charge a data line of the display,
and a desired row period T, (Which may be based on a
desired refresh rate for the display).

[0107] As discussed above, an mxn macropixel (corre-
sponding to a grouping of m columns and n rows of the
display) may be created by grouping m columns of pixels
using GDX, and grouping n rows of pixels using GGS. In
some embodiments, the gate lines of each row of pixels of
the display may be configured to pass through an enable
pulse that 1s shifted sequentially between the rows of the
display when 1t 1s received at the row, or to “skip” the enable
pulse when 1t 1s received at the row, but 1nstead pass through
the enable pulse when 1t 1s also passed through by an
adjacent row, thus grouping the row with the adjacent row,
so that both rows write data from the data lines onto their
respective pixels concurrently.

[0108] FIG. 13 illustrate diagrams showing how the com-
bination of GDX and GGS 1s usable to create macropixels of
various sizes, 1n accordance with some embodiments. FIG.
13 1illustrates a demultiplexer 1302 configured to provide
green channel data to a set of s1x data lines 1304, based upon
control signals DMX1 through DMXé6. The control signals
are activated sequentially to load data onto each data line
individually (no grouping), or grouped to create multi-
column macropixels (e.g., 2-column macropixels or 3-col-
umn macropixels), similar to as discussed above 1n relation
to FIGS. 12A and 12B. FIG. 13 also illustrates a timing
diagram showing control signals received by the demulti-
plexer 1302 and provided to the gate lines 1306, which are
used to construct macropixels of different sizes.

[0109] The gate lines 1306 of the display may be grouped
to create multi-row macropixels. For example, FIG. 13
illustrates that the gate selection line for a first row 1s not
grouped with any other rows, and provides an enable signal
(SEL1) when the enable pulse 1s received at the row. On the
other hand, the gate circuitry for a second row 1s configured
to be coupled to gate circuitry for a third row, such that
instead of passing through the enable pulse when 1t is
received at the second row, 1t passes through the enable
pulse when 1t 1s received at the third row. Consequently,
when the enable pulse 1s received at the second row, 1t 1s
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“skipped” and not passed through to the gate line of the
second row (shown in FIG. 13 as “SEL2 skip™). Instead,
when the enable pulse 1s received at the thurd row, 1t 1s
passed through to the gate lines of both the third row and the
second row (SEL2 & SEL3), allowing for the loaded onto
the data lines at that time to be written to the pixels of both
rows, creating macropixels that span two rows. FIG. 13
turther shows the gate select lines of a fourth, fifth, and sixth
rows coupled together using similar principles, so that all
three rows are written to when the shifting gate select signal
1s recerved at the last row of the group (e.g., the sixth row),
in order to create 3-row macropixels.

[0110] As shown in FIG. 13, by combining GDX and
GGS, macropixels of various sizes can be formed. For
example, when control signals are configured to cause the
demultiplexer 1302 to provide image data from the signal
line concurrently to pairs of data lines during row periods 1n
which the gate lines of two rows are grouped together, 2x2
macropixels are formed. Similarly, 3x3 macropixels are
formed when the demultiplexer 1302 provides signal line
data to sets of three data lines at a time and the gate lines of
a set of three rows are grouped together. It 1s understood that
macropixels of other sizes (e.g., 2x3 macropixels, 3x2
macropixels, etc.) can be formed using similar techniques.

[0111] In some embodiments where the gate select lines of
multiple rows are grouped, the demultiplexer 1302 may be
used to load signal line data onto the data lines over multiple
row periods. For example, as illustrated in FIG. 13, because
SEL2 1s skipped during the second row period but 1s instead
provided 1 conjunction with SEL3 during the third row
period, data line data to be written to the pixels of these two
rows 1s loaded over two row periods instead of one. In some
embodiments, this may allow for dynamic changes in row
period duration to improve display refresh rate, and/or
reduced source driver bias current to 1improve power con-
sumption, both of which will be discussed in greater detail
below.

[0112] FIG. 14 illustrates a high level diagram showing
clectrical properties of a signal line, demultiplexer, and set
of data lines, 1n accordance with some embodiments. A
source driver 1402 provides a source bias current for driving
the signal line 1404 and any of the data lines 1408 (¢.g., data
lines 1408-1 through 1408-m) connected to the signal line
1404 via the demultiplexer 1406. An amount of time needed
to charge each data line 1408 of the display 1s based on a
time constant T, which depends on the impedances associ-
ated with the source driver (such as source dniver (SD)
equivalent resistance R, SD output electrostatic discharge
(ESD) resistance R ., and SD output pad capacitance C,), as
well as impedances associated with the demultiplexer and
data lines (such as demultiplexer equivalent resistance R ,,
data line resistance R,,, and data line capacitance Cp). In
some embodiments, T may be calculated as T=(R +R ) C+
(RAR-+R+R,)-C,. However, 1n cases where the demul-
tiplexer selects multiple data lines 1n parallel, the value of
the time constant T does not scale linearly. For example,
where m data lines are selected in parallel, T may be
calculated as T, =(R 4R ) C+(m' (R AR )+R +R ) C,. In
other words, m-t,>Tt, . Because charging time does not scale
with the number of data lines being charged at once, using,
the demultiplexers to group multiple data lines that are
charged together can be used to reduce line time (increasing
a refresh rate of the display, or allowing the display to
contain additional pixel rows without decreasing reiresh
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rate), or reduce power consumption of the display (e.g., by
lowering a source bias current used when charging multiple
data lines).

[0113] FIG. 15A 1illustrates an example of how line time
may be reduced when GDX 1s performed, 1n accordance
with some embodiments. FIG. 15A illustrates a first timing
diagram 1502 showing control signals and data line voltages
over three row periods, similar to the first three row periods
illustrated in FIG. 12B. As shown in FIG. 15A, the row
period T, corresponding to when no grouped demultiplex-
ing or grouped gate scanming 1s to be performed 1s shown as
“1H.” During the first row period, no grouped demultiplex-
ing 1s performed, and each control signal DMX1 through
DMX6 1s provided sequentially, each for a time period T that
1s suilicient to charge each of the corresponding data lines
based on the time constant T, (e.g., T=3_,). However, during
the second and third row periods, grouped demultiplexing 1s
used to group sets of two and three control signals respec-
tively, to provide signal line data to sets of two and three data
lines at a time. As shown 1n FIG. 15A, where each set of two
or three data lines 1s allotted time 27T or 3T respectively, each
set of data lines 1s able to fully charge before the end of the
allotted time period, resulting 1 extrancous flat periods
1504 during which charging has been completed.

[0114] FIG. 15A further illustrates a second timing dia-
gram 1510 showing control signals and data line voltages
over three row periods 1n which the length of the row periods
1s variable based on the level of grouped demultiplexing that
1s performed, 1n accordance with some embodiments. In the
diagram of FIG. 15A, the length of the row periods during
which grouped demultiplexing 1s performed 1s reduced by an
amount Tm, where m corresponds to a number of grouped
data lines (so that each set of two/three grouped data lines 1s
allocated less than 2T/3T to charge), to allow for the data
lines to fully charge while reducing or eliminating flat
periods 1504 during which no charging occurs. For example,
in some embodiments, T2=~6x5_,-3x5_,, and T3=6x5_,-2x
S_;. In some embodiments, the DDIC dynamically adjusts
the duration of a row period of the display for different rows
(e.g., by configuring a timing of the enable pulse), based on
a level of GDX being performed on the pixels of the row
(e.g., using the timing controller 610 1llustrated 1n FIG. 6).

[0115] FIG. 15B 1illustrates an example of how line time
may be reduced when GDX and GGS are performed, in
accordance with some embodiments. As discussed above,
GGS 1nvolves the grouping of gate lines of multiple rows,
such that data from the data lines of the display 1s written to
the pixels of each of the grouped rows concurrently, result-
ing in each of the grouped rows receiving the same image
data. FIG. 15B 1llustrates a first ttiming diagram 1512, where
during the first row period, no grouped demultiplexing is
performed, and each control signal DMX1 through DMX6
1s provided sequentially, each for a time period T that 1s
suilicient to charge each of the corresponding data lines
(e.g., approximately five time constants, or T=3_,). How-
ever, during the second and third row periods, grouped
demultiplexing 1s used to group sets of two control signals
to provide signal line data to sets of two data lines at a time,
and grouped gate scanning 1s used to group two rows
together, such that the enable pulse 1s skipped 1514 during
the second row period, and provided together with the
enable pulse 1516 during the third row period (similar to as
illustrated 1n FIG. 13). This grouping of two data lines and
two rows creates a row of 2x2 macropixels. As shown in
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FIG. 15B, because the data lines are able to be fully charged
within one row period 1H, they do not need to be further
charged during the additional row periods (e.g., third row
period) associated with the grouped rows. As such, the
DDIC may dynamically adjust the duration of a row period
such that the enable signals of the grouped rows are received
within a 1H period. For example, the total time for grouping,
n rows using GGS may be reduced from nx1H to 1H,
resulting 1n a time savings of (n—1)-1H. As such, when GDX
and GGS are used 1n combination, the time savings may be
expressed as Tm+(n-1)-1H (e.g., T2+1H, when n and m are

both 2).

[0116] The reduced row period of certain rows increases
the overall the refresh rate of the display. In some embodi-
ments, the reduced row period for rows containing grouped
pixels (via GDX, GGS, or both) may result in the display
having, for a given supply voltage, a higher refresh rate than
would otherwise be possible if no pixel grouping was to be
performed (e.g., if the display were to display image data
entirely using native resolution), due to a mimimum amount
of time needed to charge the data lines of each demultiplexer
individually. Alternatively, 1n foveated displays in which 1t
1s known that at least a certain amount of grouped demul-
tiplexing will be performed to create macropixels, the dis-
play may be built with a larger number of rows, while
maintaining at least a minimum refresh rate that 1s higher
than what would otherwise be possible 1f no pixel grouping
was to be performed. For example, in embodiments where
the display contains a first region displaying using mac-
ropixels generated using grouped demultiplexing and a
second area with native resolution (e.g., no grouped demul-
tiplexing), reducing a time used to display rows containing
pixels grouped using grouped demultiplexing may allow for
additional charging time to be allotted to areas of native
resolution on the display. This may allow for the display area
of the display to include a larger number of rows and have
cach row be allotted suflicient charging time, without
increasing the overall refresh rate of the display.

[0117] In some embodiments, the DDIC, when using the
metadata to synthesize the locations of macropixels to be
displayed by the display, determines a row period duration
to allot to each row of the display, based a size of a
macropixel to be displayed on the row. For example, in some
embodiments, the greater the grouping of data lines using
grouped demultiplexing, the greater the row period for a row
on which the image data 1s to be written can be reduced. In
addition, the row period may be further reduced based upon
the number of rows of the displayed grouped using grouping
gate scanning. In some embodiments, the DDIC configures
the duration of the row period by conﬁgumng the timing of
the demultiplexer control signals (e.g., DMX1 through
DMX6) and a clock rate controlling the shifting of the
enable pulse between rows of the display.

[0118] In some embodiments, grouped demultiplexing can
be used to reduce power consumption of the display (e.g., by
lowering a source bias current used when charging multiple
data lines). FIG. 16A 1llustrates a timing diagram showing
different row periods during which different levels of
grouped demultiplexing i1s performed, in accordance with
some embodiments. The control signals shown in FIG. 16A
are similar to those of FIG. 12B, in which no demultiplexing
1s performed during a first row period, and different levels of
grouped demultiplexing are performed during second, third,
and fourth row periods to produce 2-column, 3-column, and
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6-column macropixels, respectively. While the increased
loading of concurrently charging multiple data lines
decreases charging slew rate, resulting 1n longer charging
time, the increase, as discussed above, 1s not linear. In some
embodiments, the time required for the data lines to be fully
charged 1s approximately five time constants (e.g., 35_ ,
where n corresponds to a number of data lines being charged
in parallel). For example, as shown in the data line voltage
level curves 1602 of FIG. 16A, single data lines are each
able to tully charge 1n T=5_,. On the other hand, groupings
of two, three, and six data lines are able to fully charge 1n
S5, J.3, and 5_., which are less than 2T, 3T, and 6T time
respectively, resulting 1n flat periods 1604 during which
charging has been completed. In some embodiments, instead
of reducing the row period, e.g., as described in relation to
FIG. 15, the flat periods 1604 may be reduced by reducing
a source driver bias current used to charge the data line,
reducing a charging slew rate of the data lines (as shown by
modified voltage charging curves 1606), such that the time
needed for the data lines to fully charge 1s more closely
aligned with the allotted time perniods (e.g., 2T, 3T, or 61).
In addition, by lowering the bias current when charging data
lines for certain rows, a power consumption level of the
display 1s reduced.

[0119] In some embodiments, bias current reduction may
also be used 1n conjunction with grouped gate scanning
(GGS) to effect power consumption savings. FIG. 16B
illustrates a timing diagram showing different row periods
during in which different sets of rows are grouped using
GGS, 1n accordance with some embodiments. For example,
FIG. 16B 1illustrates a first row period corresponding to a
first row 1n which data 1s written to the first row by itself (no
grouping), and a second row period corresponding to a
second row 1n which no gate enable signal 1s provided
(SEL2 skipped) due to the second row being grouped with
a third row, where both rows are written to currently during
a third row period (SEL2 & SEL3). Consequently, similar to
as discussed above 1n relation to FIG. 13, data line data to
be written to the pixels of these two rows may be loaded over
two row periods (the second and third row periods). In
embodiments in which data lines are charged over multiple
row periods, such as that illustrated in FIG. 16B, the
charging may occur in multiple steps. For example, the data
line corresponding to DMX1 may be charged to first level
during a first time period T 1612, and charged a remaining
amount to fully charged during a second time period T 1614.
Because the data line 1s able to charge over a longer time
period compared to when no row grouping 1s performed, the
source bias current provided to the signal line may be
reduced, reducing power consumption, while allowing for
tull charging of the data line. In some embodiments, the
DDIC, when using the metadata to synthesize the locations
ol macropixels to be displayed by the display, determines a
source driver bias current to be provided during different
row periods, based on a size ol a macropixel to be displayed

on the row (based on both GDX and GGS).

[0120] While FIGS. 15A-B and 16A-B discuss reducing
row period or reducing source bias currently separately, 1t 1s
understood that in other embodiments, a combination of
these may be performed. For example, the embodiment
illustrated 1n FIG. 168, row periods 1n which row selection
1s skipped may be shortened, while still providing some
extra charging time for data lines that allows for a reduction
in source bias current.
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[0121] FIG. 17 1s a flowchart illustrating a method of
configuring a display to display foveated image data,
according to some embodiments. In some embodiments, the
method may be performed by a processor (comprising a
GPU and/or a DPU) and a DDIC of a display device. The
GPU and DPU may correspond to the GPU 910 and DPU
920 1llustrated 1 FIG. 9, and the DDIC may correspond to
the DDIC 510 illustrated 1n FIG. 6 and/or the DDIC 930
illustrated 1n FIG. 9

[0122] The GPU/DPU receives 1710 image data to be
displayed on the display 1n a foveated manner. In some
embodiments, the image data comprises foveated image data
contaiming image data associated with different display
regions having different resolutions. For example, 1n some
embodiments the image data includes at least image data
within a first region at a first resolution (e.g., a native
resolution) and image data within a second region at a
second, lower resolution.

[0123] The GPU/DPU generates 1720 metadata based
upon the received image data indicative of locations of
different display regions associated with different resolu-
tions. In some embodiments, the metadata locations of two
or more display regions of the display, an eflective resolu-
tion and/or macropixel size of each display region, or some
combination thereof. In other embodiments, the metadata
may indicate a gaze location on the display.

[0124] The GPU/DPU transmits 1730 the received image
data and the generated metadata the DDIC. In some embodi-
ments, the GPU/DPU compresses the image data and the
metadata using one or more display stream compression
algorithms such as DSC or VDC-M to generate a stream of
one or more packets, and transmits the packets to the DDIC

[0125] The DDIC receives 1740 the image data and gen-
erated metadata from the GPU/DPU. In some embodiments,
the DDIC receives the image data and metadata 1n the form
of a stream ol encoded packets, wherecupon the DDIC
decodes the packets to extract the image data and metadata

[0126] The DDIC synthesizes 1750 locations of macropix-
els to be displayed by the display, based on the received
metadata. In some embodiments, an expander module of the
DDIC uses the metadata to determine which rows and
columns of the display are to be grouped using grouped
demultiplexing and grouped gate selection, to establish
macropixels spanning mxn pixels that are concurrently
loaded with common 1mage values at specific locations on
the display. In some embodiments, the metadata may
directly indicate numbers of rows and columns to be
grouped by the expander module. In other embodiments,
where the metadata does not directly indicate the grouping
of rows and columns, the expander module infers which
rows and columns of the display should be grouped based on
the metadata.

[0127] The DDIC configures 1760 control signals for

performing grouping of rows and columns of the display,
based on the synthesized macropixel locations. In some
embodiments, the expander module of the DDIC sets
grouped demultiplexing parameters for grouping sets of m
columns, and control parameters for performing grouped
gate scanning to group sets of n rows, and the timing at
which these parameters are provided, to establish mxn
macropixels. In some embodiments, the DDIC may further
configure a row period duration and/or a source driver bias
current based on the macropixel locations, e.g., to 1ncrease
a relresh rate and/or reduce a power consumption of the
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display when writing data to pixels of rows where grouped
demultiplexing and/or grouped gate scanning 1s performed.

[0128] The DDIC operates 1770 the display by providing
the control signals to the display in accordance with a
determined timing. In some embodiments, demultiplexer
control signals provided to the demultiplexers allow each
demultiplexer to provide signal line data to multiple data
lines concurrently, grouping pixels on multiple adjacent data
lines. In addition, control parameters provided to gate con-
trol circuits of rows of the display are used to selectively
group the gate lines of adjacent rows together, so that a gate
selection signal 1s provided all gate lines of the group during
the same row period (e.g., when the enable pulse 1s recerved
at a last row of the group). The combination of selectively
grouping pixels of different columns and pixels of different
rows 1s used to establish macropixels that span multiple
columns and rows.

[0129] FIG. 18 1s a flowchart illustrating a method of
configuring a display to perform grouped demultiplexing to
group pixels ol adjacent columns for a display device,
according to some embodiments. In some embodiments, the
method may be performed by a DDIC of a display device
having signal lines connected to the data lines of the display
via a plurality of demultiplexers. Each of the demultiplexers
1s coupled to a signal line configured to provide image data
of a particular color channel, and to a plurality of data lines
corresponding to the particular color channel for each of a
plurality of pixel columns. In some embodiments, each
demultiplexer 1s coupled to six data lines, corresponding to
s1x different pixel columns.

[0130] The DDIC receives 1810 data indicating a group-
ing of pixels columns for displaying image data on the pixels
of a display. In some embodiments, the data corresponds to
metadata associated with received foveated image data. In
some embodiments, the data 1s determined based on the
recetved metadata. In some embodiments, the data indicates
different groupings of columns corresponding to different
row periods. For example, the display may be configured to
group pixels of adjacent columns into first sets (e.g., two-
column groups) over a first set of row periods, and into
second sets (e.g., three-column groups) over a second set of
row periods.

[0131] The DDIC sets 1820 demultiplexer control signals

based on the grouping of columns as indicated by the
received data. In some embodiments, the DDIC configures
the control signals for each of a plurality of row periods,
based upon how columns are to be grouped during each row
period, which 1s based on which rows of the display are to
contain grouped pixels of adjacent columns. For example,
during row periods without grouping, the control signals are
set to cause the demultiplexers to provide signal line data to
cach data line sequentially. On the other hand, during row
periods 1n which grouping is to be performed, the control
signals are set to cause the demultiplexers to provide signal
line data concurrently to multiple data lines (e.g., sets of two,
three, or six data lines concurrently).

[0132] The DDIC optionally 1830 configures a duration of
one or more row periods, based a level of demultiplexer
grouping to be performed during the row period. In some
embodiments, the DDIC i1s configured to reduce a duration
ol a row period, based upon a time constant for concurrently
charging a number data lines based upon the level demul-
tiplexer grouping. As the time constant of charging does not
scale linearly, this allows the grouped data lines to fully
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charge while reducing extrancous time during which the
data lines are fully charged. This may serve to increase a
refresh rate of the display, but reducing the duration allotted
to writing to the pixels of certain rows. In addition, 1n some
embodiments, the DDIC may further reduce a duration of a
row period based upon whether the row 1s grouped with
other rows using grouped gate selection.

[0133] The DDIC optionally 1840 configures a source bias
current to be provided to the signal lines during one or more
row periods, based a level of demultiplexer grouping to be
performed during the row period. In some embodiments, the
DDIC 1s configured to reduce the source bias current to be
provided to the signal lines during a row period, based upon
the time constant for concurrently charging a number data
lines based upon the level demultiplexer grouping. As the
time constant of charging does not scale linearly, this allows
the grouped data lines to fully charge within the row period,
while reducing overall power consumption of the display. In
addition, in some embodiments, the DDIC may further
reduce the source bias current based upon whether the row

1s grouped with other rows using grouped gate selection.

[0134] The DDIC operates 1850 the display by providing
the demultiplexer control signals to the demultiplexers of the
display during each row period. As the enable pulse shiits
between rows of the display 1n accordance with the config-
ured row period durations, the demultiplexer control signals
configure which pixels of adjacent columns are grouped
when writing data to pixels of the row (and any other rows
grouped with the current row). By grouping pixels in this
manner, macropixels spanning multiple columns are formed,
and used for rendering areas of lower resolution 1 a
toveated display. In combination with grouped rows, mxn
macropixels can be formed, allowing for fine control of the
ellective resolution of different display regions.

[0135] The language used in the specification has been
principally selected for readability and instructional pur-
poses, and 1t may not have been selected to delineate or
circumscribe the inventive subject matter. It 1s therefore
intended that the scope of the disclosure be limited not by
this detailed description, but rather by any claims that 1ssue
on an application based hereon. Accordingly, the disclosure
of the embodiments 1s intended to be illustrative, but not
limiting, of the scope of the disclosure, which 1s set forth 1n
the following claims.

1. A display device comprising:

a display area comprising a plurality of pixels arranged in
a plurality of rows and a plurality of columns;

a plurality of data lines, each associated with a column of

the plurality of columns and configured to provide
image data to pixels of the column;

a plurality of demultiplexers, each connected to a respec-
tive signal line of a plurality of signal lines from a
source driver circuit and to a respective set of data lines
of the plurality of data lines;

a set of control lines coupled to the plurality of demulti-
plexers and configured to provide control signals to the
plurality of demultiplexers, wherein the control signals
are configured to, during one or more row periods of a
plurality of rows periods, control each of the plurality
of demultiplexers to concurrently couple the respective
signal line to multiple data lines of the respective set of
data lines, such that image data provided along the
respective signal line 1s concurrently provided to each
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of the multiple data lines 1n parallel, based upon a
predetermined grouping of columns of the display
device.

2. The display device of claim 1, wherein:

cach data line of the plurality of data lines corresponds to
a color channel,

cach of the plurality of signal lines 1s configured to
provide 1image data of a single color channel, and

cach respective set of data lines consists of data lines
corresponding to a single color channel.

3. The display device of claim 2, wherein each respective
set of data lines 1s associated with a respective set of
adjacent columns of the plurality of columns.

4. The display device of claam 1, wherein the control
signals are configured to, during each of the plurality of row
periods, control each of the plurality of demultiplexers to
couple the respective signal line to each data line of the
respective set of data lines for a predetermined charging
period.

5. The display device of claim 4, wherein a duration of the
predetermined charging period 1s, during the one or more
row periods, based upon a number of the multiple data lines
concurrently coupled to the respective signal line.

6. The display device of claim 5, wherein a bias current
of the source driver circuit 1s, during the one or more row
periods, configured based upon the number of the multiple
data lines concurrently coupled to the respective signal line.

7. The display device of claim S, wherein a length of a row
period during the one or more row periods 1s shortened
relative to one or more other row periods of the plurality of
row periods, based on the number of the multiple data lines
concurrently coupled to the respective signal line.

8. The display device of claim 7, wherein the length of the
row period 1s shortened based upon a time constant of
concurrently charging the multiple data lines.

9. The display device of claim 1, wherein each row
comprises a respective gate line configured to provide a gate
enable signal to pixels of the row, and further comprising:

a plurality of gate scan driver circuits, each coupled to a
gate line of a respective row of the plurality of rows,
and to a gate scan line configured to sequentially
provide an enable pulse to gate scan driver circuits of
the plurality of gate scan driver circuits over a plurality
of time periods, and configured to selectively provide
the enable pulse provided by the gate scan line or a gate
cnable signal of a gate line of an adjacent row of the
plurality of rows as a gate enable signal to the gate line
of the respective row, based upon a predetermined
grouping of rows of the display device.

10. The display device of claim 9, wherein:

cach of the plurality of gate scan driver circuits is con-
nected to one or more gate control lines of a plurality
of gate control lines configured to provide a gate
scanning signal based on the predetermined grouping
of rows of the display device, and

wherein each gate scan driver circuit 1s each configured to
selectively provide the enable pulse or the gate enable
signal of the gate line of the adjacent row as the gate
enable signal for the respective row based on the gate
scanning signal.

11. The display device of claim 9, wherein a timing of the
plurality of row periods 1s based upon a timing at which the
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enable pulse 1s provided by a gate scan line sequentially to
gate scan driver circuits of the plurality of rows of the
display device.

12. The display device of claim 1, wherein the one or
more row periods of a plurality of rows periods 1s based
upon which rows of the plurality of rows contain groupings
of pixels of adjacent columns, 1n accordance with the
predetermined grouping of columns of the display device.

13. A method, comprising:

at a display driver integrated circuit (DDIC) of a display

device, receiving data indicating a grouping of columns

of the display area, where the display device comprises:

a display area comprising a plurality of pixels arranged
in a plurality of rows and a plurality of columns;

a plurality of data lines, each associated with a column
of the plurality of columns and configured to provide
image data to pixels of the column;

a plurality of demultiplexers, each connected to a
respective signal line of a plurality of signal lines
from a source driver circuit and to a respective set of
data lines of the plurality of data lines; and

a set of control lines coupled to the plurality of demul-
tiplexers and configured to provide control signals to
the plurality of demultiplexers;

at the DDIC, configuring the control signals to, based on

the grouping of columns of the display area, to, during
one or more row periods of a plurality of rows periods,
control each of the plurality of demultiplexers to con-
currently couple the respective signal line to multiple
data lines of the respective set of data lines, such that
image data provided along the respective signal line 1s
concurrently provided to each of the multiple data lines
in parallel;

operating the display by providing the controls signals

control signals to the set of control lines of display

during each of the plurality of row periods.

14. The method of claim 13, further comprising, at the
DDIC, configuring a duration of each of the one or more row
periods based upon a number of the multiple data lines
concurrently coupled to the respective signal line during the
row period.

15. The method of claim 14, wherein the duration of each
of the one or more row periods 1s configured based upon a
time constant of charging the multiple data lines concur-
rently coupled to the respective signal line during the row
period.
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16. The method of claim 13, further comprising, at the
DDIC, configuring a bias current of the source driver circuit
during the each of the one or more row periods based upon
the number of the multiple data lines concurrently coupled
to the respective signal line during the row period.

17. The method of claim 13, wherein:

cach data line of the plurality of data lines corresponds to
a color channel,

cach of the plurality of signal lines 1s configured to
provide 1image data of a single color channel,

cach respective set of data lines consists of data lines
corresponding to a single color channel, and

cach respective set of data lines 1s associated with a
respective set of adjacent columns of the plurality of
columns.

17. (canceled)

18. The method of claim 13, further comprising config-
uring the control signals to, during each of the plurality of
row periods, control each of the plurality of demultiplexers
to couple the respective signal line to each data line of the
respective set of data lines for a predetermined charging
period, wherein a length of the predetermined charging
period 1s, during the one or more row periods, based upon a
number of the multiple data lines concurrently coupled to
the respective signal line.

19. The method of claim 13, wherein each row of the
display device comprises a respective gate line configured to
provide a gate enable signal to pixels of the row, and the
display devices further comprises a plurality of gate scan
driver circuits, each coupled to a gate line of a respective
row of the plurality of rows, and to a gate scan line
configured to sequentially provide an enable pulse to gate
scan driver circuits of the plurality of gate scan driver
circuits over a plurality of time periods, and configured to
selectively provide the enable pulse provided by the gate
scan line or a gate enable signal of a gate line of an adjacent
row of the plurality of rows as a gate enable signal to the gate
line of the respective row, based upon a predetermined
grouping of rows of the display device.

20. The method of claim 19, further comprising, at the
DDIC, configuring a duration of each of the one or more row
periods by configuring a timing at which the enable pulse 1s
provided by the gate scan line sequentially to gate scan
driver circuits of the plurality of rows of the display device.
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