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(57) ABSTRACT

A system for implementing a display which also serves as
one or more of a tactile user interface touchscreen, light-field
sensor, proximate hand gesture sensor, and focusing lensless
light-field imaging camera using image formation systems
and methods such as those taught in the inventor’s related
patents as cited. In an implementation, an OLED array or
LED array that can comprise photosensors that can be used
for light sensing as well as light emission functions. The
resulting arrangements are advantageous for use in handheld
devices such as cellphone, smartphones, PDAs, tablet com-
puters, and other systems and devices.
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LED/OLED ARRAY APPROACH TO
INTEGRATED DISPLAY, FOCUSING
LENSLESS LIGHT-FIELD CAMERA, AND
TOUCH-SCREEN USER INTERFACE
DEVICES AND ASSOCIATED PROCESSORS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 13/180,345, filed Jul. 11, 2011, which claims
benefit of priority from U.S. Provisional Application No.
61/363,181, filed Jul. 9, 2010, the contents of each of which
are incorporated herein by reference in their entireties.

COPYRIGHT & TRADEMARK NOTICES

[0002] Certain marks referenced herein may be common
law or registered trademarks of the applicant, the assignee or
third parties affiliated or unaffiliated with the applicant or the
assignee. Use of these marks is for providing an enabling
disclosure by way of example and shall not be construed to
exclusively limit the scope of the disclosed subject matter to
material associated with such marks.

BACKGROUND OF THE INVENTION

[0003] Throughout the discussion, although “OLED” is in
places called out specifically, an “Organic Light Emitting
Diode” (OLED) is regarded as a type of “Light Emitting
Diode” (LED). The term “inorganic-LED” is used to spe-
cifically signify traditional LEDs made of non-organic mate-
rials such as silicon, indium-phosphide, etc. FIG. 1 depicts
a visual classification representation showing inorganic-
LEDs and Organic Light Emitting Diodes (OLEDs) as
mutually-exclusive types of Light Emitting Diodes (LEDs).
[0004] Color inorganic-LED array displays are currently
employed in “LED TV” products and road-side and arena
color-image LED advertising signs.

[0005] Color OLED array displays have begun to appear
in cellphones, smartphones, and Personal Digital Assistants
(“PDAs”) manufactured by Samsung, Nokia, L.G, HTC,
Phillips, Sony and others. Color OLED array displays are of
particular interest, in general and as pertaining to the present
invention, because:

[0006] They can be fabricated (along with associated
electrical wiring conductors) via printed electronics on
awide variety of surfaces such as glass, Mylar, plastics,
paper, etc.;

[0007] Leveraging some such surface materials, they
can be readily bent, printed on curved surfaces, etc.;

[0008] They can be transparent (and be interconnected
with transparent conductors);

[0009] Leveraging such transparency, they can be:
[0010] Stacked vertically,
[0011] Used as an overlay element atop an LCD or

other display,
[0012] Used as an underlay element between an LCD
and its associated backlight.

LEDs as Light Sensors

[0013] Light detection is typically performed by photosite
CCD (charge-coupled device) elements, phototransistors,
CMOS photodetectors, and photodiodes. Photodiodes are
often viewed as the simplest and most primitive of these, and
typically comprise a PIN (P-type/Intrinstic/N-type) junction
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rather than the more abrupt PIN (P-type/N-type) junction of
conventional signal and rectifying diodes.

[0014] However, virtually all diodes are capable of pho-
tovoltaic properties to some extent. In particular, LEDs,
which are diodes that have been structured and doped
specific types of optimized light emission, can also behave
as (at least low-to moderate performance) photodiodes. In
popular circles Forrest M. Mims has often been credited as
calling attention to the fact that that a conventional LED can
be used as a photovoltaic light detector as well as a light
emitter (Mims III, Forrest M. “Sun Photometer with Light-
emitting diodes as spectrally selective detectors” Applied
Optics, Vol. 31, No. 33, Nov. 20, 1992), and as a photode-
tector LEDs exhibit spectral selectivity associated with the
LED’s emission wavelength. More generally, inorganic-
LEDs, organic LEDs (“OLEDs”), organic field effect tran-
sistors, and other related devices exhibit a range of readily
measurable photo-responsive electrical properties, such as
photocurrents and related photovoltages and accumulations
of charge in the junction capacitance of the LED.

[0015] Further, the relation between the spectral detection
band and the spectral emission bands of each of a plurality
of colors and types of color inorganic-LEDs, OLEDs, and
related devices can be used to create a color light-field
sensor from, for example, a color inorganic-LED, OLED,
and related device array display. Such arrangements have
been described in pending U.S. patent application Ser. No.
12/419,229 (priority date Jan. 27, 1999), pending U.S. patent
application Ser. No. 12/471,275 (priority date May 25,
2008), and in pending U.S. patent applications Ser. Nos.
U.S.13/072,588 and U.S. 61/517,454. The present invention
expands further upon this.

[0016] Pending U.S. patent applications Ser. Nos. 12/419,
229 (priority date Jan. 27, 1999), 12/471,275 (priority date
May 25, 2008), U.S. 13/072,588, and U.S. 61/517,454
additionally teaches how such a light-field sensor can be
used together with signal processing software to create
lensless-imaging camera technology, and how such technol-
ogy can be used to create an integrated camera/display
device which can be used, for example, to deliver precise
eye-contact in video conferencing applications.

[0017] In an embodiment provided for by the invention,
each LED in an array of LEDs can be alternately used as a
photodetector or as a light emitter. At any one time, each
individual LED would be in one of three states:

[0018] A light emission state,
[0019] A light detection state,
[0020] An idle state.
[0021] as may be advantageous for various operating

strategies. The state transitions of each LED may be coor-
dinated in a wide variety of ways to afford various multi-
plexing, signal distribution, and signal gathering schemes as
may be advantageous.

[0022] Leveraging this in various ways, in accordance
with embodiments of the invention, array of inorganic-
LEDs, OLEDs, or related optoelectronic devices is config-
ured to perform functions of two or more of:

[0023] a visual image display (graphics, image, video,
GUI, etc.),

[0024] a (lensless imaging) camera,

[0025] a tactile user interface (touch screen),

[0026] a proximate gesture user interface.
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[0027] These arrangements further advantageously allow
for a common processor to be used for two or more display,
user interface, and camera functionalities.

[0028] The result dramatically decreases the component
count, system hardware complexity, and inter-chip commu-
nications complexity for contemporary and future mobile
devices such as cellphones, smartphones, PDAs, tablet com-
puters, and other such devices.

[0029] In cases where a user interface is incorporated, the
RF capacitive matrix arrangements used in contemporary
multi-touch touchscreen are replaced with an optical inter-
face.

[0030] Further, the integrated camera/display operation
removes the need for a screen-direction camera and interface
electronics in mobile devices. The integrated camera/display
operation can also improve eye contact in mobile devices.

SUMMARY OF THE INVENTION

[0031] For purposes of summarizing, certain aspects,
advantages, and novel features are described herein. Not all
such advantages may be achieved in accordance with any
one particular embodiment. Thus, the disclosed subject
matter may be embodied or carried out in a manner that
achieves or optimizes one advantage or group of advantages
without achieving all advantages as may be taught or
suggested herein.

[0032] In accordance with embodiments of the invention,
a system is taught for implementing a display which also
serves as one or more of a tactile user interface touchscreen,
light-field sensor, proximate hand gesture sensor, and lens-
less imaging camera. In an implementation, an OLED array
can be used for light sensing as well as light emission
functions. In one implementation a single OLED array is
used as the only optoelectronic user interface element in the
system. In another implementation two OLED arrays are
used, each performing and/or optimized from different func-
tions. In another implementation, an LCD and an OLED
array are used in various configurations. The resulting
arrangements allow for sharing of both optoelectric devices
as well as associated electronics and computational proces-
sors, and are accordingly advantageous for use in handheld
devices such as cellphone, smartphones, PDAs, tablet com-
puters, and other such devices.

[0033] In accordance with embodiments of the invention,
array of inorganic-LEDs, OLEDs, or related optoelectronic
devices is configured to perform functions of a display, a
camera, and a hand-operated user interface sensor.

[0034] In an embodiment, an array of inorganic-LEDs,
OLEDs, or related devices, together with associated signal
processing aspects of the invention, can be used to imple-
ment a tactile user interface.

[0035] In an embodiment, an array of inorganic-LEDs,
OLEDs, or related devices, together with associated signal
processing aspects of the invention, can be adapted to
function as both an image display and light-field sensor
which can be used to implement a proximate image user
interface.

[0036] In an embodiment, an array of inorganic-LEDs,
OLEDs, or related devices, together with associated signal
processing aspects of the invention, can be adapted to
function as both an image display and light-field sensor
which can be used to implement a tactile user interface
sensor.
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[0037] In an embodiment, an array of inorganic-LEDs,
OLEDs, or related devices, together with associated signal
processing aspects of the invention, can be adapted to
function as both an image display and light-field sensor
which can be used to implement a proximate image user
interface sensor.

[0038] In an embodiment, an array of inorganic-LEDs,
OLEDs, or related devices, together with associated signal
processing aspects of the invention, can be adapted to
function as both an image display and light-field sensor
which can be used to implement a tactile user interface
(touch screen), lensless imaging camera, and visual image
display.

[0039] In an embodiment, an array of inorganic-LEDs,
OLEDs, or related devices, together with associated signal
processing aspects of the invention, can be adapted to
function as both an image display and light-field sensor
which can be used to implement a proximate gesture user
interface, lensless imaging camera, and visual image dis-
play.

[0040] In an embodiment, an array of inorganic-LEDs,
OLEDs, or related devices, together with associated signal
processing aspects of the invention, can be adapted to
function as both an image display and light-field sensor
which can be used to implement a proximate gesture user
interface, tactile user interface (touch screen), lensless imag-
ing camera, and visual image display.

[0041] In accordance with embodiments of the invention,
a system for implementing the function of a visual display,
light-field sensor , and a user interface for operated by a user
hand is taught, the system comprising:

[0042] A processor, the processor having an electrical
interface and for executing at least one software algo-
rithm;

[0043] A transparent OLED array comprising at least a
plurality of OLEDs, the OLED array configured to be
in communication with the electrical interface of the
processor;

[0044] An optical vignetting arrangement for providing
a plurality of distinct vignettes of an incoming light-
field, and

[0045] Alight emitting arrangement associated with the
transparent OLED array, the light emitting arrangement
for providing a visual display;

[0046] Wherein each distinct vignette of the incoming
light-field is directed to an associated individual OLED
from the plurality of OLEDs;

[0047] Wherein each of the individual OLED performs
a light detection function at least for an interval of time,
the light detection function comprising a photoelectric
effect that is communicated to the processor via the
electrical interface of the processor; and

[0048] Wherein the photoelectric effect that is commu-
nicated to the processor is used to obtain light-field
measurement information responsive to the incoming
light-field.

BRIEF DESCRIPTION OF THE DRAWINGS

[0049] The above and other aspects, features and advan-
tages of the present invention will become more apparent
upon consideration of the following description of preferred
embodiments taken in conjunction with the accompanying
drawing figures, wherein:
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[0050] FIG. 1 depicts a visual classification representation
showing inorganic-LEDs and Organic Light Emitting
Diodes (OLEDs) as mutually-exclusive types of Light Emit-
ting Diodes (LEDs).

[0051] FIG. 2 depicts a representation of the spread of
electron energy levels as a function of the number of
associated electrons in a system such as a lattice of semi-
conducting material resultant from quantum state exclusion
processes. (The relative positions vertically and from col-
umn-to-column are schematic and not to scale, and electron
pairing effects are not accurately represented.)

[0052] FIG. 3 depicts an example electron energy distri-
bution for metals, (wherein the filled valance band overlaps
with the conduction band).

[0053] FIG. 4 depicts an example electron energy distri-
bution for semiconductors (wherein the filled valance band
is separated from the conduction band by a gap in energy
values; this gap is the “band gap”).

[0054] FIG. 5 depicts an exemplary (albeit not compre-
hensive) schematic representation of the relationships
between valance bands and conduction bands in materials
distinctly classified as metals, semiconductors, and insula-
tors. (Adapted from Pieter Kuiper, http://en.wikipedia.org/
wiki/Electronic_band_structure, visited Mar. 22, 2011.)
[0055] FIG. 6 depicts the how the energy distribution of
electrons in the valance band and conduction band vary as
a function of the density of electron states, and the resultant
growth of the band gap as the density of electron states
increases. (Adapted from Pieter Kuiper, http://en.wikipedia.
org/wiki/Band_gap, visited Mar. 22, 2011.)

[0056] FIG. 7 depicts three exemplary types of electron-
hole creation processes resulting from absorbed photons that
contribute to current flow in a PN diode (adapted from A.
Yariv, Optical Electronics, 4th edition, Saunders College
Press, 1991, p. 423).

[0057] FIG. 8 depicts exemplary electron energy distribu-
tion among bonding and antibonding molecular orbitals in
conjugated or aromatic organic compounds (adapted from Y.
Divayana, X. Sung, Electroluminescence in Organic Light-
Emitting Diodes, VDM Verlag Dr. Willer, Saarbriicken,
2009, ISBN 978-3-639-17790-9, FIG. 2.2, p.13).

[0058] FIG. 9 depicts an optimization space for semicon-
ductor diodes comprising attributes of signal switching
performance, light emitting performance, and light detection
performance.

[0059] FIG. 10 depicts an exemplary metric space of
device realizations for optoelectronic devices and regions of
optimization and co-optimization.

[0060] FIGS. 11-14 depict various exemplary circuits
demonstrating various exemplary approaches to detecting
light with an LED.

[0061] FIG. 15 depicts a selectable grounding capability
for a two-dimensional array of LEDs.

[0062] FIG. 16 depicts an adaptation of the arrangement
depicted in FIG. 15 that is controlled by an address decoder
so that the selected subset can be associated with a unique
binary address.

[0063] FIG. 17 depicts an exemplary highly-scalable elec-
trically-multiplexed LED array display that also functions as
a light-field detector.

[0064] FIGS. 18 and 19 depict exemplary functional cells
that may be used in a large scale array.
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[0065] FIGS. 20-22 depict adaptations of the digital circuit
measurement and display arrangements into an example
combination.

[0066] FIGS. 23-26 depict exemplary state diagrams for
the operation of the LED and the use of input signals and
output signals.

[0067] FIG. 27 depicts an exemplary high-level structure
of a three-color transparent Stacked OLED (“SOLED”)
element as can be used for color light emission, color light
sensing, or both. (Adapted from G. Gu, G. Parthasarathy, P.
Burrows, T. Tian, 1. Hill, A. Kahn, S. Forrest, “Transparent
stacked organic light emitting devices. 1. Design principles
and transparent compound electrodes,” Journal of Applied
Physics, October 1999, vol. 86 no. 8, pp. 4067-4075.)
[0068] FIG. 28 depicts a conventional “RGB stripe”
OLED array as used in a variety of OLED display products
and as can be used for light-field sensing in accordance with
aspects of the present invention. (Adapted from http://www.
displayblog.com/2009/03/26/samsung-oled-pentile-matrix-
next-iphone-oled-display/(visited Mar. 23, 2011.)

[0069] FIG. 29 depicts a representation of the “PenTile
Matrix” OLED array as attributed to Samsung and as can be
used for light-field sensing in accordance with aspects of the
present invention. (Adapted from http://www.displayblog.
com/2009/03/26/samsung-oled-pentile-matrix-next-iphone-
oled-display/(visited Mar. 23, 2011.)

[0070] FIG. 30 depicts an exemplary embodiment com-
prising an LED array preceded by a vignetting arrangement
as is useful for implementing a lensless imaging camera as
taught in U.S. patent application Ser. Nos. 12/419,229
(priority date Jan. 27, 1999), 12/471,275 (priority date May
25, 2008), U.S. 13/072,588, and U.S. 61/517,454.

[0071] FIG. 31 depicts an exemplary implementation
comprising a transparent OLED array overlaid upon an LCD
display, which is in turn overlaid on a (typically) LED
backlight used to create and direct light though the LCD
display from behind.

[0072] FIG. 32 depicts an exemplary implementation
comprising a first transparent OLED array used for at least
optical sensing overlaid upon a second OLED array used for
at least visual display.

[0073] FIG. 33 depicts an exemplary implementation
comprising a first transparent OLED array used for at least
visual display overlaid upon a second OLED array used for
at least optical sensing.

[0074] FIG. 34 depicts an exemplary implementation
comprising an LCD display, used for at least visual display
and vignette formation, overlaid upon a second LED array,
used for at least backlighting of the LCD and optical
sensing.

[0075] FIG. 35 an exemplary arrangement employed in
contemporary cellphones, smartphones, PDAs, tablet com-
puters, and other portable devices wherein a transparent
capacitive matrix proximity sensor is overlaid over an LCD
display, which is in turn overlaid on a (typically LED)
backlight used to create and direct light though the LCD
display from behind. Each of the capacitive matrix and the
LCD have considerable associated electronic circuitry and
software associated with them.

[0076] FIG. 36 depicts an exemplary modification of the
arrangement depicted in FIG. 35 wherein the LCD display
and backlight are replaced with an OLED array used as a
visual display. Such an arrangement has started to be incor-
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porated in recent contemporary cellphone, smartphone,
PDA, tablet computers, and other portable device products
by several manufacturers.

[0077] FIG. 37 depicts an exemplary arrangement pro-
vided for by the invention comprising only a LED array. The
LEDs in the LED array may be OLEDs or inorganic LEDs.
Such an arrangement can be used as a visual display and as
a tactile user interface.

[0078] FIG. 38 depicts a representative exemplary
arrangement wherein light emitted by neighboring LEDs is
reflected from a finger back to an LED acting as a light
sensor.

[0079] FIG. 39 depicts an exemplary arrangement wherein
a particular LED designated to act as a light sensor is
surrounded by immediately-neighboring LEDs designated
to emit light to illuminate the finger for example as depicted
in FIG. 38.

[0080] FIG. 40 depicts an exemplary arrangement wherein
a particular LED designated to act as a light sensor is
surrounded by immediately-neighboring LEDs designated
to serve as a “guard” area, for example not emitting light,
these in turn surrounded by immediately-neighboring LEDs
designated to emit light used to illuminate the finger for
example as depicted in FIG. 38.

[0081] FIG. 41 depicts an exemplary reference arrange-
ment comprised by mobile devices such as cellphones,
smartphones, PDAs, tablet computers, and other such
devices.

[0082] FIG. 42 depicts an exemplary variation of the
exemplary reference arrangement of FIG. 41 wherein an
LED array replaces the display, camera, and touch sensor
and is interfaced by a common processor that replaces
associated support hardware.

[0083] FIG. 43 depicts an exemplary variation of the
exemplary reference arrangement of FIG. 42 wherein the
common processor associated with the LED array further
executes at least some touch-based user interface software.
[0084] FIG. 44 depicts an exemplary variation of the
exemplary reference arrangement of FIG. 42 wherein the
common processor associated with the LED array further
executes all touch-based user interface software.

[0085] FIG. 45 depicts an exemplary embodiment com-
prising an LED array preceded by a micro optics array and
a capacitive matrix sensor

[0086] FIG. 46 depicts an exemplary embodiment com-
prising an LED array preceded by a micro optics array
configured to also function as a capacitive matrix sensor.

DETAILED DESCRIPTION

[0087] The above and other aspects, features and advan-
tages of the present invention will become more apparent
upon consideration of the following description of preferred
embodiments taken in conjunction with the accompanying
drawing figures.

[0088] In the following description, reference is made to
the accompanying drawing figures which form a part hereof,
and which show by way of illustration specific embodiments
of the invention. It is to be understood by those of ordinary
skill in this technological field that other embodiments may
be utilized, and structural, electrical, as well as procedural
changes may be made without departing from the scope of
the present invention.
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Inorganic and Organic Semiconductors

[0089] FIG. 2 depicts a representation of the spread of
electron energy levels as a function of the number of
associated electrons in a system such as a lattice of semi-
conducting material resultant from quantum state exclusion
processes. As the number of associated electrons in a system
increases, the separation between consecutive energy levels
decreases, in the limit becoming an effective continuum of
energy levels. Higher energy level electrons form a conduc-
tion band while lower energy electrons lie in a valence band.
The relative positions vertically and from column-to-column
are schematic and not to scale, and electron pairing effects
are not accurately represented.

[0090] FIG. 3 depicts an example electron energy distri-
bution for metals, (wherein the filled valance band overlaps
with the conduction band).

[0091] FIG. 4 depicts an example electron energy distri-
bution for semiconductors; here the filled valance band is
separated from the conduction band by a gap in energy
values. The “band gap” is the difference in energy between
electrons at the top of the valence band and electrons at the
bottom of the conduction band. For a semiconductor the
band gap is small, and manipulations of materials, physical
configurations, charge and potential differences, photon
absorption, etc. can be used to move electrons through the
band gap or along the conduction band.

[0092] Elaborating further, FIG. 5 (adapted from Pieter
Kuiper, http://en.wikipedia.org/wiki/Electronic_band_struc-
ture, visited Mar. 22, 2011) depicts an exemplary (albeit not
comprehensive) schematic representation of the relation-
ships between valance bands and conduction bands in mate-
rials distinctly classified as metals, semiconductors, and
insulators. The band gap is a major factor determining the
electrical conductivity of a material. Although metal con-
ductor materials are shown having overlapping valance and
conduction bands, there are some conductors that instead
have very small band gaps. Materials with somewhat larger
band gaps are electrical semiconductors, while materials
with very large band gaps are electrical insulators.

[0093] The affairs shown in FIG. 1 and FIG. 4 are related.
FIG. 6 (adapted from Pieter Kuiper, http://en.wikipedia.org/
wiki/Band_gap, visited Mar. 22, 2011) depicts how the
energy distribution of electrons in the valance band and
conduction band vary as a function of the density of assumed
electron states per unit of energy, illustrating growth of the
size of the band gap as the density of states (horizontal axis)
increases.

Light Sensing by Photodiodes and LEDs

[0094] Electrons can move between the valence band and
the conduction band by means of special processes that give
rise to hole-electron generation and hole-electron recombi-
nation. Several such processes are related to the absorption
and emission of photons which make up light.

[0095] Light detection in information systems is typically
performed by photosite CCD (charge-coupled device) ele-
ments, phototransistors, CMOS photodetectors, and photo-
diodes. By way of example, FIG. 7 (adapted from A. Yariv,
Optical Electronics, 4th edition, Saunders College Press,
1991, p. 423) depicts three exemplary types of electron-hole
creation processes resulting from absorbed photons that
contribute to current flow in a PN diode. Emitted photons
cause electrons to drop through the band gap while absorbed
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photons of sufficient energy can excite electrons from the
valance band though the band gap to the conduction band.
[0096] Photodiodes are often viewed as the simplest and
most primitive form of semiconductor light detector. A
photodiode typically comprises a PIN (P-type/Intrinsic/N-
type) junction rather than the more abrupt PIN (P-type/N-
type) junction of conventional signal and rectifying diodes.
However, photoelectric effects and capabilities are hardly
restricted to PIN diode structures. In varying degrees, vir-
tually all diodes are capable of photovoltaic properties to
some extent.

[0097] In particular, LEDs, which are diodes that have
been structured and doped for specific types of optimized
light emission, can also behave as (at least low-to-medium
performance) photodiodes. Additionally, LEDs also exhibit
other readily measurable photo-responsive electrical prop-
erties, such as photodiode-type photocurrents and related
accumulations of charge in the junction capacitance of the
LED. In popular circles Forrest M. Mims has often been
credited as calling attention to the fact that that a conven-
tional LED can be used as a photovoltaic light detector as
well as a light emitter (Mims III, Forrest M. “Sun Photom-
eter with Light-emitting diodes as spectrally selective detec-
tors” Applied Optics, Vol. 31, No. 33, Nov. 20, 1992). More
generally LEDs, organic LEDs (“OLEDs”), organic field
effect transistors, and other related devices exhibit a range of
readily measurable photo-responsive electrical properties,
such as photocurrents and related photovoltages and accu-
mulations of charge in the junction capacitance of the LED.
[0098] Inan LED, light is emitted when holes and carriers
recombine and the photons emitted have an energy in a small
range either side of the energy span of the band gap.
Through engineering of the band gap, the wavelength of
light emitted by an LED can be controlled. In the aforemen-
tioned article, Mims additionally pointed out that as a
photodetector LEDs exhibit spectral selectivity with at a
light absorption wavelength similar to that of the LED’s
emission wavelength. More details as to the spectral selec-
tivity of the photoelectric response of an LED will be
provided later.

[0099] Attention is now directed to organic semiconduc-
tors and their electrical and optoelectrical behavior. Conju-
gated organic compounds comprise alternating single and
double bonds in the local molecular topology comprising at
least some individual atoms (usually carbon, but can be
other types of atoms) in the molecule. The resulting electric
fields organize the orbitals of those atoms into a hybrid
formation comprising a o bond (which engage electrons in
forming the molecular structure among joined molecules)
and a &t cloud of loosely associated electrons that are in fact
delocalized and can move more freely within the molecule.
These delocalized m electrons provide a means for charge
transport within the molecule and electric current within
larger-structures of organic materials (for example, poly-
mers).

[0100] Combinations of atomic orbital modalities for the
individual atoms in a molecule, together with the molecular
topology (created by the o bonds) and molecular geometry,
create molecule-scale orbitals for the delocalized m cloud of
electrons and in a sense for the electrons comprising o
bonds. Interactions among the electrons, in particular quan-
tum exclusion processes, create an energy gap between the
Highest Occupied Molecular Orbital (“HOMO”) and Low-
est-Unoccupied Molecular Orbital (“LUMO”) for the delo-
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calized = electrons (and similarly does so for the more
highly localized o bond electrons). FIG. 8 (adapted from Y.
Divayana, X. Sung, Electroluminescence in Organic Light-
Emitting Diodes, VDM Verlag Dr. Willer, SaarbrUcken,
2009, ISBN 978-3-639-17790-9, FIG. 2.2, p. 13) depicts the
electron energy distribution among bonding (xt and o) and
antibonding (m* and o*) molecular orbitals in for two
electrons in an exemplary conjugated or aromatic organic
compound. In such materials typically the energy gap
between the w and ©* molecular orbitals correspond to the
gap between the HOMO and LUMO. The HOMO effec-
tively acts as a valence band in a traditional (inorganic)
crystal lattice semiconductor and the LUMO acts as effec-
tive equivalent to a conduction band. Accordingly, energy
gap between the HOMO and LUMO (usually corresponding
to the gap between the & and ©t* molecular orbitals) behaves
in a manner similar to the band gap in a crystal lattice
semiconductor and thus permits many aromatic organic
compounds to serve as electrical semiconductors.

[0101] Emitted photons cause electrons to drop through
the HOMO/LUMO gap while absorbed photons of sufficient
energy can excite electrons from the HOMO to the LUMO.
These processes are similar to photon emission and photo
absorption processes in a crystal lattice semiconductor and
can be used to implement organic LED (“OLED”) and
organic photodiode effects with aromatic organic com-
pounds. Functional groups and other factors can vary the
width of the band gap so that it matches energy transitions
associated with selected colors of visual light. Additional
details on organic LED (“OLED”) processes, materials,
operation, fabrication, performance, and applications can be
found in, for example:

[0102] Z. Li, H. Ming (eds.), Organic Light-Emitting
Materials and Devices, CRC Taylor & Francis, Boca
Raton, 2007, ISBN 1-57444-574-X;

[0103] Z. Kafafi (ed.), Organic Electroluminescence,
CRC Taylor & Francis, Boca Raton, 2005, ISBN
0-8247-5906-0;

[0104] Y. Divayana, X. Sung, Electroluminescence in
Organic Light-Emitting Diodes, VDM Verlag Dr.
Willer, Saarbriicken, 2009, ISBN 978-3-639-17790-9.

[0105] It is noted that an emerging alternative to OLEDs
are Organic Light Emitting Transistors (OLETS). The pres-
ent invention allows for arrangements employing OLETS to
be employed in place of OLEDs and LEDs as appropriate
and advantageous wherever mentioned throughout the
specification.

Potential Co-optimization of Light Sensing and Light
Emitting Capabilities of an Optical Diode Element

[0106] FIG. 9 depicts an optimization space 200 for semi-
conductor (traditional crystal lattice or organic material)
diodes comprising attributes of signal switching perfor-
mance, light emitting performance, and light detection per-
formance. Specific diode materials, diode structure, and
diode fabrication approaches 223 can be adjusted to opti-
mize a resultant diode for switching function performance
201 (for example, via use of abrupt junctions), light detec-
tion performance 202 (for example via a P-I-N structure
comprising a layer of intrinsic semiconducting material
between regions of n-type and p-type material, or light
detection performance 203.
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[0107] FIG. 10 depicts an exemplary metric space 1900 of
device realizations for optoelectronic devices and regions of
optimization and co-optimization.

[0108] Specific optoelectrical diode materials, structure,
and fabrication approaches 1923 can be adjusted to optimize
a resultant optoelectrical diode for light detection perfor-
mance 1901 (for example via a P-I-N structure comprising
a layer of intrinsic semiconducting material between regions
of n-type and p-type material versus light emission perfor-
mance 1902 versus cost 1903. Optimization within the plane
defined by light detection performance 1901 and cost 1903
traditionally result in photodiodes 1911 while optimization
within the plane defined by light emission performance 1902
and cost 1903 traditionally result in LEDs 1912. The present
invention provides for specific optoelectrical diode materi-
als, structure, and fabrication approaches 1923 to be
adjusted to co-optimize an optoelectrical diode for both
good light detection performance 1901 and light emission
performance 1902 versus cost 1903. A resulting co-opti-
mized optoelectrical diode can be used for multiplexed light
emission and light detection modes. These permit a number
of applications as explained in the sections to follow.

[0109] Again it is noted that an emerging alternative to
OLEDs are Organic Light Emitting Transistors (OLETS).
The present invention allows for arrangements employing
OLETS to be employed in place of OLEDs and LEDs as
appropriate and advantageous wherever mentioned through-
out the specification.

Electronic Circuit Interfacing to LEDs Used as Light
Sensors

[0110] FIGS. 11-14 depict various exemplary circuits
demonstrating various exemplary approaches to detecting
light with an LED. These initially introduce the concepts of
received light intensity measurement (“detection”) and vary-
ing light emission intensity of an LED in terms of variations
in D.C. (“direct-current”) voltages and currents. However,
light intensity measurement (“detection”) can be accom-
plished by other means such as LED capacitance effects—
for example reverse-biasing the LED to deposit a known
charge, removing the reverse bias, and then measuring the
time for the charge to then dissipate within the LED. Also,
varying the light emission intensity of an LED can be
accomplished by other means such as pulse-width-modula-
tion—for example, a duty-cycle of 50% yields 50% of the
“constant-on” brightness, a duty-cycle of 50% yields 50% of
the “constant-on” brightness, etc. These, too, are provided
for by the invention and will be considered again later as
variations of the illustrative approaches provided below.

[0111] To begin, LED1 in FIG. 11 is employed as a
photodiode, generating a voltage with respect to ground
responsive to the intensity of the light received at the
optically-exposed portion of the LED-structured semicon-
ducting material. In particular, for at least a range of light
intensity levels the voltage generated by LED1 increases
monotonically with the received light intensity. This voltage
can be amplified by a high-impedance amplifier, preferably
with low offset currents. The example of FIG. 11 shows this
amplification performed by a simple operational amplifier
(“op amp”) circuit with fractional negative feedback, the
fraction determined via a voltage divider. The gain provided
by this simple op amp arrangement can be readily recog-
nized by one skilled in the art as
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1+(R/Ry).

[0112] The op amp produces an isolated and amplified
output voltage that increases, at least for a range, monotoni-
cally with increasing light received at the light detection
LED 1. Further in this example illustrative circuit, the output
voltage of the op amp is directed to LED100 via current-
limiting resistor R100. The result is that the brightness of
light emitted by LED100 varies with the level of light
received by LED1.

[0113] For a simple lab demonstration of this rather
remarkable fact, one can choose a TLO8x series (TL082,
TL084, etc.) or equivalent op amp powered by +12 and —12
volt split power supply, R100 of ~1 L€, and R/R, in a ratio
ranging from 1 to 20 depending on the type of LED chosen.
LED100 will be dark when LED1 is engulfed in darkness
and will be brightly lit when LED1 is exposed to natural
levels of ambient room light. For best measurement studies,
LED1 could comprise a “water-clear” plastic housing (rather
than color-tinted). It should also be noted that the LED1
connection to the amplifier input is of relatively quite high
impedance and as such can readily pick up AC fields, radio
signals, etc. and is best realized using as physically small
electrical surface area and length as possible. In a robust
system, electromagnetic shielding is advantageous.

[0114] The demonstration circuit of FIG. 11 can be
improved, modified, and adapted in various ways (for
example, by adding voltage and/or current offsets, JFET
preamplifiers, etc.), but as shown is sufficient to show that a
wide range of conventional LEDs can serve as pixel sensors
for an ambient-room light sensor array as can be used in a
camera or other room-light imaging system. Additionally,
LED100 shows the role an LED can play as a pixel emitter
of light.

[0115] FIG. 12 shows a demonstration circuit for the
photocurrent of the LED. For at least a range of light
intensity levels the photocurrent generated by LEDI1
increases monotonically with the received light intensity. In
this exemplary circuit the photocurrent is directed to a
natively high-impedance op amp (for example, a FET input
op amp such as the relatively well-known LF-351) set up as
an inverting current-to-voltage converter. The magnitude of
the transresistance (i.e., the current-to-voltage “gain”) of this
inverting current-to-voltage converter is set by the value of
the feedback resistor Rf. The resultant circuit operates in a
similar fashion to that of FIG. 11 in that the output voltage
of the op amp increases, at least for a range, monotonically
with increasing light received at the light detection LED.
The inverting current-to-voltage converter inverts the sign of
the voltage, and such inversion in sign can be corrected by
a later amplification stage, used directly, or is preferred. In
other situations it can be advantageous to not have the sign
inversion, in which case the LED orientation in the circuit
can be reversed, as shown in FIG. 13.

[0116] FIG. 14 shows an illustrative demonstration
arrangement in which an LED can be for a very short
duration of time reverse biased and then in a subsequent
interval of time the resultant accumulations of charge in the
junction capacitance of the LED are discharged. The
decrease in charge during discharge through the resistor R
results in a voltage that can be measured with respect to a
predetermined voltage threshold, for example as can be
provided by a (non-hysteretic) comparator or (hysteretic)
Schmitt-trigger. The resulting variation in discharge time
varies monotonically with the light received by the LED.
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The illustrative demonstration arrangement provided in FIG.
14 is further shown in the context of connects to the
bidirectional I/O pin circuit for a conventional microproces-
sor. This permits the principal to be readily demonstrated
through a simple software program operating on such a
microprocessor. Additionally, as will be seen later, the very
same circuit arrangement can be used to variably control the
emitted light brightness of the LED by modulating the
temporal pulse-width of a binary signal at one or both of the
microprocessor pins.

Multiplexing Circuitry for LED Arrays

[0117] For rectangular arrays of LEDs, it is typically
useful to interconnect each LED with access wiring arranged
to be part of a corresponding matrix wiring arrangement.
The matrix wiring arrangement is time-division multiplexed.
Such time-division multiplexed arrangements can be used
for delivering voltages and currents to selectively illuminate
each individual LED at a specific intensity level (including
very low or zero values so as to not illuminate).

[0118] An example multiplexing arrangement for a two-
dimensional array of LEDs is depicted in FIG. 15. Here each
of a plurality of normally-open analog switches are sequen-
tially closed for brief disjointed intervals of time. This
allows the selection of a particular subset (here, a column)
of LEDs to be grounded while leaving all other LEDs in the
array not connected to ground. Each of the horizontal lines
then can be used to connect to exactly one grounded LED at
a time. The plurality of normally-open analog switches in
FIG. 15 may be controlled by an address decoder so that the
selected subset can be associated with a unique binary
address, as suggested in FIG. 16. The combination of the
plurality of normally-open analog switches together with the
address decoder form an analog line selector. By connecting
the line decoder’s address decoder input to a counter, the
columns of the LED array can be sequentially scanned.
[0119] FIG. 17 depicts an exemplary adaptation of the
arrangement of FIG. 16 together to form a highly scalable
LED array display that also functions as a light-field detec-
tor. The various multiplexing switches in this arrangement
can be synchronized with the line selector and mode control
signal so that each LED very briefly provides periodically
updated detection measurement and is free to emit light the
rest of the time. A wide range of variations and other
possible implementations are possible and implemented in
various products.

[0120] Such time-division multiplexed arrangements can
alternatively be used for selectively measuring voltages or
currents of each individual LED. Further, the illumination
and measurement time-division multiplexed arrangements
themselves can be time-division multiplexed, interleaved, or
merged in various ways. As an illustrative example, the
arrangement of FIG. 17 can be reorganized so that the LED,
mode control switch, capacitor, and amplifiers are collo-
cated, for example as in the illustrative exemplary arrange-
ment of FIG. 18. Such an arrangement can be implemented
with, for example, three MOSFET switching transistor con-
figurations, two MOSFET amplifying transistor configura-
tions, a small-area/small-volume capacitor, and an LED
element (that is, five transistors, a small capacitor, and an
LED). This can be treated as a cell which is interconnected
to multiplexing switches and control logic. A wide range of
variations and other possible implementations are possible
and the example of FIG. 17 is in no way limiting. For
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example, the arrangement of FIG. 17 can be reorganized to
decentralize the multiplexing structures so that the LED,
mode control switch, multiplexing and sample/hold
switches, capacitor, and amplifiers are collocated, for
example as in the illustrative exemplary arrangement of FIG.
19. Such an arrangement can be implemented with, for
example, three MOSFET switching transistor configura-
tions, two MOSFET amplifying transistor configurations, a
small-area/small-volume capacitor, and an LED element
(that is, five transistors, a small capacitor, and an LED). This
can be treated as a cell whose analog signals are directly
interconnected to busses. Other arrangements are also pos-
sible.

[0121] The discussion and development thus far are based
on the analog circuit measurement and display arrangement
of FIG. 11 that in turn leverages the photovoltaic properties
of LEDs. With minor modifications clear to one skilled in
the art, the discussion and development thus far can be
modified to operate based on the analog circuit measurement
and display arrangements of FIG. 12 and FIG. 13 that
leverage the photocurrrent properties of LEDs.

[0122] FIG. 20, FIG. 21, and FIG. 22 depict an example of
how the digital circuit measurement and display arrange-
ment of FIG. 14 (that in turn leverages discharge times for
accumulations of photo-induced charge in the junction
capacitance of the LED) can be adapted into the construction
developed thus far. FIG. 20 adapts FIG. 14 to additional
include provisions for illuminating the LED with a pulse-
modulated emission signal. Noting that the detection process
described earlier in conjunction with FIG. 14 can be con-
fined to unperceivably short intervals of time, FIG. 21
illustrates how a pulse-width modulated binary signal may
be generated during LED illumination intervals to vary LED
emitted light brightness. FIG. 22 illustrates an adaptation of
the tri-state and Schmitt-trigger/comparator logic akin to
that illustrated in the microprocessor I/O pin interface that
may be used to sequentially access subsets of LEDs in an
LED array as described in conjunction with FIG. 15 and
FIG. 16.

[0123] FIGS. 23-25 depict exemplary state diagrams for
the operation of the LED and the use of input signals and
output signals described above. From the viewpoint of the
binary mode control signal there are only two states: a
detection state and an emission state, as suggested in FIG.
23. From the viewpoint of the role of the LED in a larger
system incorporating a multiplexed circuit arrangement such
as that of FIG. 17, there may a detection state, an emission
state, and an idle state (where there is no emission nor
detection occurring), obeying state transition maps such as
depicted in FIG. 24 or FIG. 25. At a further level of detail,
there are additional considerations:

[0124] To emit light, a binary mode control signal can
be set to “emit” mode (causing the analog switch to be
closed) and the emission light signal must be of suffi-
cient value to cause the LED to emit light (for example,
so that the voltage across the LED is above the “turn-
on” voltage for that LED).

[0125] If the binary mode control signal is in “emit”
mode but the emission light signal is not of such
sufficient value, the LED will not illuminate. This
can be useful for brightness control (via pulse-width
modulation), black-screen display, and other uses. In
some embodiments, this may be used to coordinate
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the light emission of neighboring LEDs in an array
while a particular LED in the array is in detection
mode.

[0126] If the emission light signal of such sufficient
value but the binary mode control signal is in
“detect” mode, the LED will not illuminate respon-
sive to the emission light signal. This allows the
emission light signal to be varied during a time
interval when there is no light emitted, a property
useful for multiplexing arrangements.

[0127] During a time interval beginning with the change
of state of the binary mode control signal to some
settling-time period afterwards, the detection output
and/or light emission level may momentarily not be
accurate.

[0128] To detect light, the binary mode control signal
must be in “detect” mode (causing the analog switch to
be open). The detected light signal may be used by a
subsequent system or ignored. Intervals where the
circuit is in detection mode but the detection signal is
ignored may be useful for multiplexing arrangement, in
providing guard-intervals for settling time, to coordi-
nate with the light emission of neighboring LEDs in an
array, etc.

[0129] FIG. 26 depicts an exemplary state transition dia-
gram reflecting the above considerations. The top “Emit
Mode” box and bottom “Detect Mode” box reflect the states
of an LED from the viewpoint of the binary mode control
signal as suggested by FIG. 23. The two “Idle” states (one
in each of the “Emit Mode” box and “Detect Mode” box) of
FIG. 26 reflect (at least in part) the “Idle” state suggested in
FIG. 24 and/or FIG. 25. Within the “Emit Mode” box,
transitions between “Emit” and “Idle” may be controlled by
emit signal multiplexing arrangements, algorithms for coor-
dinating the light emission of an LED in an array while a
neighboring LED in the array is in detection mode, etc.
Within the “Detect Mode” box, transitions between “Detect”
and “Idle” may be controlled by independent or coordinated
multiplexing arrangements, algorithms for coordinating the
light emission of an LED in an array while a neighboring
LED in the array is in detection mode, etc. In making
transitions between states in the boxes, the originating and
termination states may be chosen in a manner advantageous
for details of various multiplexing and feature embodiments.
Transitions between the groups of states within the two
boxes correspond to the vast impedance shift invoked by the
switch opening and closing as driven by the binary mode
control signal. In FIG. 26, the settling times between these
two groups of states are gathered and regarded as a transi-
tional state.

[0130] As mentioned earlier, the amplitude of light emit-
ted by an LED can be modulated to lesser values by means
of pulse-width modulation (PWM) of a binary waveform.
For example, if the binary waveform oscillates between
fully illuminated and non-illuminated values, the LED illu-
mination amplitude will be perceived roughly as 50% of the
full-on illumination level when the duty-cycle of the pulse is
50%, roughly as 75% of the full-on illumination level when
the duty-cycle of the pulse is 75%, roughly as 10% of the
full-on illumination level when the duty-cycle of the pulse is
10%, etc. Clearly the larger fraction of time the LED is
illuminated (i.e., the larger the duty-cycle), the brighter the
perceived light observed emitted from the LED.
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Stacked OLEDs (“SOLED”) as Optical Diode Elements for
Use in the Invention

[0131] FIG. 27 (adapted from G. Gu, G. Parthasarathy, P.
Burrows, T. Tian, 1. Hill, A. Kahn, S. Forrest, “Transparent
stacked organic light emitting devices. 1. Design principles
and transparent compound electrodes,” Journal of Applied
Physics, October 1999, vol. 86 no. 8, pp.4067-4075) depicts
an exemplary high-level structure of a three-color transpar-
ent Stacked OLED (“SOLED”) element as has been devel-
oped for use in light-emitting color displays.

[0132] The present invention provides for a three-color
transparent SOLED element such as those depicted in FIG.
27 or of other forms developed for use in light-emitting color
displays to be used as-is as a color transparent light sensor.
[0133] Alternatively, the present invention provides for
analogous structures to be used to implement a three-color
transparent light sensor, for example, with reference to FIG.
10, by replacing optoelectrical diode materials, structure,
and fabrication approaches 1923 optimized for light emis-
sion performance 1902 with optoelectrical diode materials,
structure, and fabrication approaches 1923 optimized for
light detection performance 1901. The present invention
additionally provides for a three-color transparent SOLED
element such as those depicted in FIG. 27 or of other forms
developed for use in light-emitting color displays to employ
specific optoelectrical diode materials, structure, and fabri-
cation approaches 1923 to be adjusted to co-optimize an
optoelectrical diode for both good light detection perfor-
mance 1901 and light emission performance 1902 versus
cost 1903. The resulting structure can be used for color light
emission, color light sensing, or both.

[0134] The invention additionally provides for the alter-
native use of similar or related structures employing OLETs.

Arrayed OLEDs as Optical Diode Elements for Use in the
Invention

[0135] FIG. 28 (adapted from http://www.displayblog.
com/2009/03/26/samsung-oled-pentile-matrix-next-iphone-
oled-display/(visited Mar. 23, 2011) depicts a conventional
“RGB stripe” OLED array as used in a variety of OLED
display products. FIG. 29 (also adapted from http://www.
displayblog.com/2009/03/26/samsung-oled-pentile-matrix-
next-iphone-oled-display/(visited Mar. 23, 2011) depicts a
representation of the “PenTile Matrix” OLED array as
attributed to Samsung which provides good display perfor-
mance with a 33% reduction in pixel element count.
[0136] The present invention provides for arrays of OLED
elements such as those depicted in FIG. 28 and FIG. 29 other
forms developed for use in light-emitting color displays to
be used as-is as a color light sensors. This permits OLED
elements in arrays such as those depicted in FIG. 28 and
FIG. 29 or of other forms developed for use in light-emitting
color displays to be used for light-field sensing in accor-
dance with aspects of the present invention.

[0137] Alternatively, the present invention provides for
analogous structures to be used to implement a three-color
transparent light sensor, for example, with reference to FIG.
10, by replacing optoelectrical diode materials, structure,
and fabrication approaches 1923 optimized for light emis-
sion performance 1902 with optoelectrical diode materials,
structure, and fabrication approaches 1923 optimized for
light detection performance 1901. The present invention
additionally provides for OLED elements in arrays such as
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those depicted in FIG. 27 or of other forms developed for use
in light-emitting color displays to employ specific optoelec-
trical diode materials, structure, and fabrication approaches
1923 to be adjusted to co-optimize an optoelectrical diode
for both good light detection performance 1901 and light
emission performance 1902 versus cost 1903. The resulting
structure can be used for color light emission, color light
sensing, or both.

[0138] The invention additionally provides for the alter-
native use of similar or related structures employing OLETs.

Light-Field Sensor Embodiments

[0139] In an embodiment, various materials, physical pro-
cesses, structures, and fabrication techniques used in creat-
ing an array of color inorganic LEDs, OLEDs, OLETs, or
related devices and associated co-located electronics (such
as FETs, resistors, and capacitors) can be used as-is to create
an array of color inorganic LEDs, OLEDs, OLETs, or related
devices well-suited as a color light-field sensor. An exem-
plary general framework underlying such an arrangement is
described in pending U.S. patent application Ser. No.
12/419,229 (priority date Jan. 27, 1999), pending U.S. patent
application Ser. No. 12/471,275 (priority date May 25,
2008), and in pending U.S. patent application Ser. Nos.
13/072,588 and U.S. 61/517,454.

[0140] In an embodiment, various materials, physical pro-
cesses, structures, and fabrication techniques used in creat-
ing an array of color inorganic LEDs, OLEDs, OLETs, or
related devices and associated co-located electronics (such
as FETs, resistors, and capacitors) can be co-optimized to
create an array of color inorganic LEDs, OLEDs, OLETs, or
related devices well-suited as a color light-field sensor. An
exemplary general framework underlying such an arrange-
ment is described in pending U.S. patent application Ser.
Nos. 12/419,229 (priority date Jan. 27, 1999), pending U.S.
patent application Ser. No. 12/471,275 (priority date May
25, 2008), and in pending U.S. patent application Ser. Nos.
U.S. 13/072,588 and U.S. 61/517,454.

[0141] In an embodiment, at least three inorganic LEDs,
OLEDs, or related devices are transparent. In an embodi-
ment, the at least three transparent inorganic LEDs, OLEDs,
or related devices are comprised in an array that is overlaid
on a display such as an LCD.

Operation as a Combination Light-field Sensor and Display

[0142] In embodiments provided for by the invention,
each inorganic LED, OLED, or related device in an array of
color inorganic LEDs, OLEDs, OLETs, or related devices
can be alternately used as a photodetector or as a light
emitter. The state transitions of each inorganic LED, OLED,
or related device in the array of color inorganic LEDs,
OLEDs, OLETs, or related devices among the above states
can be coordinated in a wide variety of ways to afford
various multiplexing, signal distribution, and signal gather-
ing schemes as can be advantageous. An exemplary general
framework underlying such an arrangement is described in
pending U.S. patent application Ser. No. 12/419,229 (prior-
ity date Jan. 27, 1999), pending U.S. patent application Ser.
No. 12/471,275 (priority date May 25, 2008), and in pending
U.S. patent application Ser. Nos. U.S. 13/072,588 and U.S.
61/517,454.

[0143] In embodiments provided for by the invention,
each inorganic LED, OLED, or related device in an array of
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inorganic LEDs, OLEDs, or related devices can, at any one
time, be in one of three states:

[0144] A light emission state,
[0145] A light detection state,
[0146] An idle state,

as can be advantageous for various operating strategies.
[0147] The state transitions of each inorganic LED,
OLED, or related device in the array of color inorganic
LEDs, OLEDs, OLETs, or related devices among the above
states can be coordinated in a wide variety of ways to afford
various multiplexing, signal distribution, and signal gather-
ing schemes as can be advantageous. An exemplary general
framework underlying such an arrangement is described in
pending U.S. patent application Ser. No. 12/419,229 (prior-
ity date Jan. 27, 1999), pending U.S. patent application Ser.
No. 12/471,275 (priority date May 25, 2008), and in pending
U.S. patent application Ser. Nos. U.S. 13/072,588 and U.S.
61/517,454.

[0148] Accordingly, in an embodiment various materials,
physical processes, structures, and fabrication techniques
used in creating an array of color inorganic LEDs, OLEDs,
OLETs, or related devices and associated co-located elec-
tronics (such as FETs, resistors, and capacitors) can be used
as-is, adapted, and/or optimized so that the array of color
inorganic LEDs, OLEDs, OLETs, or related devices to work
well as both a color image display and color light-field
sensor. An exemplary general framework underlying such an
arrangement is described in pending U.S. patent application
12/419,229 (priority date Jan. 27, 1999), pending U.S. patent
application 12/471,275 (priority date May 25, 2008), and in
pending U.S. patent application Ser. Nos. U.S. 13/072,588
and U.S. 61/517,454.

Physical Structures for Combination Light-field Sensor and
Display

[0149] The capabilities described thus far can be com-
bined with systems and techniques to be described later in a
variety of physical configurations and implementations. A
number of example physical configurations and implemen-
tations are described here which provide various enable-
ments and advantages to various embodiments and imple-
mentations of the invention and their applications. Many
variations and alternatives are possible and are accordingly
anticipated by the invention, and the example physical
configurations and implementations are in no way limiting
of the invention.

[0150] When implementing lensless imaging cameras as
taught in U.S. Patent Application Ser. Nos. 12/419,229
(priority date Jan. 27, 1999), 12/471,275 (priority date May
25, 2008), U.S. 13/072,588, and U.S. 61/517,454, an optical
vignetting arrangement is needed for the light-sensing
LEDs. This can be implemented in various ways. In one
example approach, LEDs in the LED array themselves can
be structured so that light-sensing elements (including pho-
todiodes or LEDs used in light-sensing modes) are partially
enveloped in a well comprising walls formed in associating
with at least light-emitting LEDs in the LED array. In a
variation of this the light emitting LEDs can also be used in
a light sensing mode, in implementing a tactile user interface
arrangement as enabled by the present invention. In another
variation, other types of light sensing elements (for example,
photodiodes) can in implementing an optical tactile user
interface arrangement as enabled by the present invention.
FIG. 30 depicts an exemplary embodiment comprising an
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LED array preceded by a vignetting arrangement as is useful
for implementing a lensless imaging camera as taught in
U.S. patent application Ser. Nos. 12/419,229 (priority date
Jan. 27, 1999), 12/471,275 (priority date May 25, 2008),
U.S. 13/072,588, and U.S. 61/517,454. In another approach
to be described shortly, an LCD otherwise used for display
can be used to create vignetting apertures. The invention
provides for inclusion of coordinated multiplexing or other
coordinated between the LED array and LCD as needed or
advantageous. In another approach, a vignetting arrange-
ment is created as a separate structure and overlaid atop the
LED array. Other related arrangements and variations are
possible and are anticipated by the invention. The output of
the light-field sensor can also or alternatively be used to
implement a tactile user interface or proximate hand gesture
user interface as described later in the detailed description.

[0151] Leaving the vignetting considerations involved in
lensless imaging, attention is now directed to arrangements
wherein a transparent LED array, for example implemented
with arrays of transparent OLEDs interconnected with trans-
parent conductors, is overlaid atop an L.CD display. The
transparent conductors can be comprised of materials such
as indium tin oxide, fluorine-doped tin oxide (“FTO”),
doped zinc oxide, organic polymers, carbon nanotubes,
graphene ribbons, etc. FIG. 31 depicts an exemplary imple-
mentation comprising a transparent OLED array overlaid
upon an LCD visual display, which is in turn overlaid on a
(typically) LED backlight used to create and direct light
though the LCD visual display from behind. Such an
arrangement may be used to implement an optical tactile
user interface arrangement as enabled by the present inven-
tion. Other related arrangements and variations are possible
and are anticipated by the invention. The invention provides
for inclusion of coordinated multiplexing or other coordi-
nated between the OLED array and LCD as needed or
advantageous. It is noted in one embodiment the LCD and
LED array can be fabricated on the same substrate, the first
array layered atop the second (or vice versa) while in another
embodiment the two LED arrays can be fabricated sepa-
rately and later assembled together to form layered structure.
Other related arrangements and variations are possible and
are anticipated by the invention.

[0152] FIG. 32 depicts an exemplary implementation
comprising a first (transparent OLED) LED array used for at
least optical sensing overlaid upon a second LED array used
for at least visual display. In an embodiment, the second
LED array can be an OLED array. In an embodiment, either
or both of the LED arrays can comprise photodiodes. Such
an arrangement can be employed to allow the first array to
be optimized for one or more purposes, at least one being
sensing, and the second LED array to be optimized for one
or more purposes, at least one being visual display. Such an
arrangement may be used to implement an optical tactile
user interface arrangement as enabled by the present inven-
tion. In one approach the second LED array is used for both
visual display and tactile user interface illumination light
and the first (transparent OLED) LED array is used for
tactile user interface light sensing. In another approach, the
first (transparent OLED) LED array is used for both tactile
user interface illumination light and light sensing, while the
second LED array is used for visual display. In an embodi-
ment, the second LED array is used for visual display and
further comprises vignetting structures (as described above)
and serves as a light-field sensor to enable the implemen-
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tation of a lensless imaging camera. Such an arrangement
can be used to implement a light-field sensor and a lensless
imaging camera as described earlier. Other related arrange-
ments and variations are possible and are anticipated by the
invention. The invention provides for inclusion of coordi-
nated multiplexing or other coordinated between the first
LED array and second LED array as needed or advanta-
geous. It is noted in one embodiment the two LED arrays can
be fabricated on the same substrate, the first array layered
atop the second (or vice versa) while in another embodiment
the two LED arrays can be fabricated separately and later
assembled together to form layered structure. Other related
arrangements and variations are possible and are anticipated
by the invention.

[0153] FIG. 33 depicts an exemplary implementation
comprising a first (transparent OLED) LED array used for at
least visual display overlaid upon a second LED array used
for at least optical sensing. In an embodiment, the second
LED array can be an OLED array. In an embodiment, either
or both of the LED arrays can comprise photodiodes. Such
an arrangement can be employed to allow the first array to
be optimized for to be optimized for other purposes, at least
one being visual display, and the second LED array to be
optimized for one or more purposes, at least one being
sensing. Such an arrangement may be used to implement an
optical tactile user interface arrangement as enabled by the
present invention. In one approach the first LED array is
used for both visual display and tactile user interface illu-
mination light and the second (transparent OLED) LED
array is used for tactile user interface light sensing. In
another approach, the second (transparent OLED) LED
array is used for both tactile user interface illumination light
and light sensing, while the first LED array is used for visual
display. In an embodiment, the second LED array comprises
vignetting structures (as described above) and serves as a
light-field sensor to enable the implementation of a lensless
imaging camera. Other related arrangements and variations
are possible and are anticipated by the invention. The
invention provides for inclusion of coordinated multiplexing
or other coordinated between the first LED array and second
LED array as needed or advantageous. It is noted in one
embodiment the two LED arrays can be fabricated on the
same substrate, the first array layered atop the second (or
vice versa) while in another embodiment the two LED
arrays can be fabricated separately and later assembled
together to form layered structure. Other related arrange-
ments and variations are possible and are anticipated by the
invention.

[0154] FIG. 34 depicts an exemplary implementation
comprising an LCD display, used for at least visual display
and vignette formation, overlaid upon a second LED array,
used for at least backlighting of the LCD and optical
sensing. In an embodiment, the LED array can be an OLED
array. In an embodiment, the LED array can comprise also
photodiodes. Such an arrangement can be used to implement
an optical tactile user interface arrangement as enabled by
the present invention. Such an arrangement can be used to
implement a light-field sensor and a lensless imaging camera
as described earlier. The invention provides for inclusion of
coordinated multiplexing or other coordinated between the
LCD and LED array as needed or advantageous. It is noted
in one embodiment the LCD and LED array can be fabri-
cated on the same substrate, the first array layered atop the
second (or vice versa) while in another embodiment the two
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LED arrays can be fabricated separately and later assembled
together to form layered structure. Other related arrange-
ments and variations are possible and are anticipated by the
invention.

Use of a LED Array as “Multi-Touch” Tactile Sensor Array

[0155] Multitouch sensors on cellphones, smartphones,
PDAs, tablet computers, and other such devices typically
utilize a capacitive matrix proximity sensor. FIG. 35 an
exemplary arrangement employed in contemporary cell-
phones, smartphones, PDAs, tablet computers, and other
portable devices wherein a transparent capacitive matrix
proximity sensor is overlaid over an LCD display, which is
in turn overlaid on a (typically LED) backlight used to create
and direct light though the LCD display from behind. Each
of the capacitive matrix and the LCD have considerable
associated electronic circuitry and software associated with
them.

[0156] FIG. 36 depicts an exemplary modification of the
arrangement depicted in FIG. 35 wherein the LCD display
and backlight are replaced with an OLED array used as a
visual display. Such an arrangement has started to be incor-
porated in recent contemporary cellphone, smartphone,
PDA, tablet computers, and other portable device products
by several manufacturers. Note the considerable reduction in
optoelectronic, electronic, and processor components over
the arrangement depicted in FIG. 35. This is one of the
motivations for using OLED displays in these emerging
product implementations.

[0157] FIG. 37 depicts an exemplary arrangement pro-
vided for by the invention comprising only a LED array. The
LEDs in the LED array may be OLEDs or inorganic LEDs.
Such an arrangement can be used as a tactile user interface,
or as a combined a visual display and tactile user interface,
as will be described next. Note the considerable reduction in
optoelectronic, electronic, and processor components over
the both the arrangement depicted in FIG. 35 and the
arrangement depicted in FIG. 36. This is one of the advan-
tages of many embodiments of the present invention.
[0158] Arrays of inorganic-L.LEDs have been used to create
a tactile proximity sensor array as taught by Han in U.S. Pat.
No. 7,598,949 and as depicted in the video available at
http://cs.nyu.edut about.jhan/ledtouch/index.html). FIG. 38
depicts a representative exemplary arrangement wherein
light emitted by neighboring LEDs is reflected from a finger
(or other object) back to an LED acting as a light sensor.
[0159] In its most primitive form, such LED-array tactile
proximity array implementations need to be operated in a
darkened environment (as seen in the video available at
http://cs.nyu.edut  about.jhan/ledtouch/index.html). The
invention provides for additional systems and methods for
not requiring darkness in the user environment in order to
operate the LED array as a tactile proximity sensor.
[0160] In one approach, potential interference from ambi-
ent light in the surrounding user environment can be limited
by using an opaque pliable and/or elastically deformable
surface covering the LED array that is appropriately reflec-
tive (directionally, amorphously, etc. as may be advanta-
geous in a particular design) on the side facing the LED
array. Such a system and method can be readily imple-
mented in a wide variety of ways as is clear to one skilled
in the art.

[0161] In another approach, potential interference from
ambient light in the surrounding user environment can be
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limited by employing amplitude, phase, or pulse width
modulated circuitry and/or software to control the light
emission and receiving process. For example, in an imple-
mentation the LED array can be configured to emit modu-
lated light that is modulated at a particular carrier frequency
and/or with a particular time-variational waveform and
respond to only modulated light signal components
extracted from the received light signals comprising that
same carrier frequency or time-variational waveform. Such
a system and method can be readily implemented in a wide
variety of ways as is clear to one skilled in the art.

[0162] The light measurements used for implementing a
tactile user interface can be from unvignetted LEDs, unvi-
gnetted photodiodes, vignetted LEDs, vignetted photo-
diodes, or combinations of two or more of these.

Separate Sensing and Display Elements in an LED Array

[0163] In one embodiment provided for by the invention,
some LEDs in an array of LEDs are used as photodetectors
while other elements in the array are used as light emitters.
The light emitter LEDs can be used for display purposes and
also for illuminating a finger (or other object) sufficiently
near the display. FIG. 39 depicts an exemplary arrangement
wherein a particular LED designated to act as a light sensor
is surrounded by immediately-neighboring element desig-
nated to emit light to illuminate the finger for example as
depicted in FIG. 38. Other arrangements of illuminating and
sensing LEDs are of course possible and are anticipated by
the invention.

[0164] It is also noted that by dedicating functions to
specific LEDs as light emitters and other elements as light
sensors, it is possible to optimize the function of each
element for its particular role. For example, in an example
embodiment the elements used as light sensors can be
optimized photodiodes. In another example embodiment,
the elements used as light sensors can be the same type of
LED used as light emitters. In yet another example embodi-
ment, the elements used as light sensors can be LEDs that
are slightly modified versions the of type of LED used as
light emitters.

[0165] In an example embodiment, the arrangement
described above can be implemented only as a user inter-
face. In an example implementation, the LED array can be
implemented as a transparent OLED array that can be
overlaid atop another display element such as an LCD or
another LED array. In an implementation, LEDs providing
user interface illumination provide light that is modulated at
a particular carrier frequency and/or with a particular time-
variational waveform as described earlier.

[0166] In an alternative example embodiment, the
arrangement described above can serve as both a display and
a tactile user interface. In an example implementation, the
light emitting LEDs in the array are time-division multi-
plexed between visual display functions and user interface
illumination functions. In another example implementation,
some light emitting LEDs in the array are used for visual
display functions while light emitting LEDs in the array are
used for user interface illumination functions. In an imple-
mentation, LEDs providing user interface illumination pro-
vide modulated illumination light that is modulated at a
particular carrier frequency and/or with a particular time-
variational waveform. In yet another implementation
approach, the modulated illumination light is combined with
the visual display light by combining a modulated illumi-
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nation light signal with a visual display light signal pre-
sented to each of a plurality of LEDs within the in the LED
array. Such a plurality of LEDs can comprise a subset of the
LED array or can comprise the entire LED array.

[0167] FIG. 40 depicts an exemplary arrangement wherein
a particular LED designated to act as a light sensor is
surrounded by immediately-neighboring LEDs designated
to serve as a “guard area,” for example not emitting light,
these in turn surrounded by immediately-neighboring LEDs
designated to emit light used to illuminate the finger for
example as depicted in FIG. 38. Such an arrangement can be
implemented in various physical and multiplexed ways as
advantageous to various applications or usage environments.

[0168] In an embodiment, the illumination light used for
tactile user interface purposes can comprise an invisible
wavelength, for example infrared or ultraviolet.

Sequenced Sensing and Display Modes for LEDs in an LED
Array

[0169] In another embodiment provided for by the inven-
tion, each LED in an array of LEDs can be used as a
photodetector as well as a light emitter wherein each indi-
vidual LED can either transmit or receive information at a
given instant. In an embodiment, each LED in a plurality of
LEDs in the LED array can sequentially be selected to be in
a receiving mode while others adjacent or near to it are
placed in a light emitting mode. Such a plurality of LEDs
can comprise a subset of the LED array or can comprise the
entire LED array. A particular LED in receiving mode can
pick up reflected light from the finger, provided by said
neighboring illuminating-mode LEDs. In such an approach,
local illumination and sensing arrangements such as that
depicted FIG. 39 (or variations anticipated by the invention)
can be selectively implemented in a scanning and multi-
plexing arrangement.

[0170] FIG. 40 depicts an exemplary arrangement wherein
a particular LED designated to act as a light sensor is
surrounded by immediately-neighboring LEDs designated
to serve as a “guard” area, for example not emitting light,
these in turn surrounded by immediately-neighboring LEDs
designated to emit light used to illuminate the finger for
example as depicted in FIG. 38. Such an arrangement can be
implemented in various multiplexed ways as advantageous
to various applications or usage environments.

[0171] In an alternative example embodiment, the
arrangement described above can serve as both a display and
a tactile user interface. In an example implementation, the
light emitting LEDs in the array are time-division multi-
plexed between visual display functions and user interface
illumination functions. In another example implementation,
some light emitting LEDs in the array are used for visual
display functions while light emitting LEDs in the array are
used for user interface illumination functions. In an imple-
mentation, LEDs providing user interface illumination pro-
vide modulated illumination light that is modulated at a
particular carrier frequency and/or with a particular time-
variational waveform. In yet another implementation
approach, the modulated illumination light is combined with
the visual display light by combining a modulated illumi-
nation light signal with a visual display light signal pre-
sented to each of a plurality of LEDs within the in the LED
array. Such a plurality of LEDs can comprise a subset of the
LED array or can comprise the entire LED array.
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Use of a LED Array in Implementing a Lensless Imaging
Camera

[0172] Inan embodiment, various materials, physical pro-
cesses, structures, and fabrication techniques used in creat-
ing an array of color inorganic LEDs, OLEDs, OLETs, or
related devices and associated co-located electronics (such
as FETs, resistors, and capacitors) can be used as-is, adapted,
and/or optimized so as to create an array of color inorganic
LEDs, OLEDs, OLETs, or related devices that is well-suited
as for operation as a color lensless imaging camera accord-
ing to the general framework described in pending U.S.
patent application Ser. No. 12/419,229 (priority date Jan. 27,
1999), pending U.S. patent application Ser. No. 12/471,275
(priority date May 25, 2008), and in pending U.S. patent
application Ser. Nos. U.S. 13/072,588 and U.S. 61/517,454.
[0173] Co-pending patent application Ser. Nos. U.S.
12/471,275 (priority date Jan. 27, 1999), U.S. 12/419,229,
U.S. 13/072,588, and U.S. 61/517,454 teach, among other
things, the use of an LED array, outfitted with micro-optical
arrangements that create optical occulting/vignetting and
interfaced with a new type of “image formation” signal
processing, as a (monochrome or color) camera for image or
video applications.

[0174] Image formation is performed without a conven-
tional large shared lens and associated separation distance
between lens and image sensor, resulting in a “lensless
camera.”

[0175] Further, the similarities between the spectral detec-
tion band and the spectral emission bands of each of a
plurality of types of colored-light LED may be used to create
a color light-field sensor from a color LED array display
such as that currently employed in “LED TV” products,
large outdoor color-image LED displays (as seen in adver-
tising signs and sports stadiums), and recently (in the form
of OLED displays) in Samsung Smartphones.

[0176] In an embodiment, the various materials, physical
processes, structures, and fabrication techniques used in
creating the LED array and associated co-located electronics
(such as FETs, resistors, and capacitors) may be used to
further co-optimize a high performance monochrome LED
array or color LED array to work well as both an image
display and light-field sensor compatible with synthetic
optics image formation algorithms using methods, systems,
and process such as those aforedescribed.

Operation as a Combination Color Lensless Imaging
Camera and Color Visual Display

[0177] The examples above employ an LED array multi-
plexed in between light-emitting modes and light-sensing
modes. The examples above employ an LED array to be
used in visual (image, video, GUI) display modes and
lensless imaging camera modes. The invention provides for
these to be integrated together into a common system,
leveraging one or more of a shared electronics infrastructure,
shared processor infrastructure, and shared algorithmic
infrastructure.

[0178] In an embodiment, an array of color inorganic
LEDs, OLEDs, OLETs, or related devices, together with
associated signal processing aspects of the invention, can be
adapted to function as both a color image display and color
light-field sensor compatible with synthetic optics image
formation algorithms using methods, systems, and process
such as those described in pending U.S. patent application



US 2017/0220201 Al

Ser. No. 12/419,229 (priority date Jan. 27, 1999), pending
U.S. patent application Ser. No. 12/471,275 (priority date
May 25, 2008), and in pending U.S. patent application Ser.
Nos. U.S. 13/072,588 and U.S. 61/517,454.

[0179] Either of these arrangements allows for a common
processor to be used for display and camera functionalities.
The result dramatically decreases the component count and
system complexity for contemporary and future mobile
devices such as cellphones, smartphones, PDAs tablet com-
puters, and other such devices.

Use of a LED Array as an Integrated Camera and a Display
Simultaneously

[0180] The invention further provides for a common LED
array multiplexed in between light-emitting display modes
and light-sensing lensless imaging camera modes. Here the
LED array to be time multiplexed between “image capture”
and “image display” modes so as to operate as an integrated
camera/display. The invention provides for these to be
integrated together into a common system, leveraging one or
more of a shared electronics infrastructure, shared processor
infrastructure, and shared algorithmic infrastructure.

[0181] The integrated camera/display operation removes
the need for a screen-direction camera and interface elec-
tronics in mobile devices. The integrated camera/display
operation can also improve eye contact in mobile devices.

[0182] Employing these constructions, the invention pro-
vides for an LED array image display, used in place of a
LCD image display, to serve as a time-multiplexed array of
light emitter and light detector elements. The resulting
system does not require an interleaving or stacking of
functionally-differentiated (with respect to light detection
and light emission) elements. This is particularly advanta-
geous as there is a vast simplification in manufacturing and
in fact close or precise alignment with current LED array
image display manufacturing techniques and existing LED
array image display products.

[0183] Either of these arrangements allows for a common
processor to be used for display and camera functionalities.
The result dramatically decreases the component count and
system complexity for contemporary and future mobile
devices such as cellphones, smartphones, PDAs, tablet com-
puters, and other such devices.

Use of a LED Array in Implementing a (Tactile User
Interface) Touch Screen Sensor

[0184] In an embodiment, an array of color inorganic
LEDs, OLEDs, OLETs, or related devices, together with
associated signal processing aspects of the invention, can be
used to implement a tactile (touch-based) user interface
sensor.

Use of a LED Array in Implementing a Combination (Tactile
User Interface) Touch Screen Sensor and Color Visual
Image Display

[0185] In an embodiment, an array of color inorganic
LEDs, OLEDs, OLETs, or related devices, together with
associated signal processing aspects of the invention, can be
adapted to function as both a color image visual display and
light-field sensor which can be used to implement a tactile
user interface.
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[0186] The integrated tactile user interface sensor capa-
bility can remove the need for a tactile user interface sensor
(such as a capacitive matrix proximity sensor) and associ-
ated components.

[0187] Either of these arrangements allows for a common
processor to be used for display and camera functionalities.
The result dramatically decreases the component count and
system complexity for contemporary and future mobile
devices such as cellphones, smartphones, PDAs, tablet com-
puters, and other such devices.

Use of a LED Array as an Integrated Camera, Display, and
(Tactile User Interface) Touch Screen

[0188] In an approach to the invention, the LED array is
multiplexed among display, camera, and tactile user inter-
face sensor modalities. In an exemplary associated embodi-
ment of the invention, an LED array can be used as a display,
camera, and touch-based user interface sensor.

[0189] The integrated camera/display operation removes
the need for a screen-direction camera and interface elec-
tronics in mobile devices. The integrated camera/display
operation can also improve eye contact in mobile devices.

[0190] The integrated tactile user interface sensor capa-
bility can remove the need for a tactile user interface sensor
(such as a capacitive matrix proximity sensor) and associ-
ated components.

[0191] Either of these arrangements allows for a common
processor to be used for display, camera, and tactile user
interface sensor functionalities. The result dramatically
decreases the component count and system complexity for
contemporary and future mobile devices such as smart-
phones PDAs, tablet computers, and other such devices.

Use of a LED Array in Implementing a Proximate Gesture
User Interface Sensor

[0192] In an embodiment, an array of color inorganic
LEDs, OLEDs, OLETs, or related devices, together with
associated signal processing aspects of the invention, can be
adapted to function as both an image display and light-field
sensor which can be used to implement a proximate (hand
image) gesture user interface sensor as, for example, replac-
ing the photodiode sensor arrangement used in the M.I.T.
BI-DI user interface. In one approach, the M.I.T. BI-DI
photodiode sensor arrangement behind the LCD array can be
replaced with an array of inorganic LEDs, OLEDs, or related
devices as provided for in the current invention. In another
approach, the M.I.T. BI-DI photodiode sensor arrangement
behind the LCD array, the LCD itself, and the associated
backlight can be replaced with an array of inorganic LEDs,
OLEDs, or related devices as provided for in the current
invention.

[0193] The integrated proximate (hand image) gesture
user interface capability can remove the need for a tactile
user interface sensor (such as a capacitive matrix proximity
sensor) and associated components.

[0194] Either of these arrangements allows for a common
processor to be used for display, camera, and tactile user
interface sensor functionalities. The result dramatically
decreases the component count and system complexity for
contemporary and future mobile devices such as cellphones,
smartphones, PDAs, tablet computers, and other such
devices.
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Use in Implementing a Combination Proximate Gesture
User Interface and Visual Image Display

[0195] In an embodiment, an array of color inorganic
LEDs, OLEDs, OLETs, or related devices, together with
associated signal processing aspects of the invention, can be
adapted to function as both a visual image display and
light-field sensor which can be used to implement a proxi-
mate gesture user interface sensor as, for example, replacing
the photodiode sensor and L.CD display arrangement used in
the M.L.T. BI-DI user interface. In an embodiment an array
of inorganic LEDs, OLEDs, or related devices can be
adapted to function as both an image display and light-field
sensor which can be used to implement a tactile user
interface sensor, and also as a visual display.

[0196] The integrated proximate (hand image) gesture
user interface capability can remove the need for a tactile
user interface sensor (such as a capacitive matrix proximity
sensor) and associated components.

[0197] Either of these arrangements allows for a common
processor to be used for display, camera, and tactile user
interface sensor functionalities. The result dramatically
decreases the component count and system complexity for
contemporary and future mobile devices such as cellphones,
smartphones, PDAs, tablet computers, and other such
devices.

Use in Implementing a Combination Proximate Gesture
User Interface Sensor, Lensless Imaging Camera, and Visual
Image Display

[0198] In an embodiment, an array of color inorganic
LEDs, OLEDs, OLETs, or related devices, together with
associated signal processing aspects of the invention, can be
adapted to function as both an image display and light-field
sensor which can be used to implement a proximate gesture
user interface sensor, lensless imaging camera, and visual
image display.

[0199] The integrated camera/display operation removes
the need for a screen-direction camera and interface elec-
tronics in mobile devices. The integrated camera/display
operation can also improve eye contact in mobile devices.
[0200] The integrated proximate (hand image) gesture
user interface capability can remove the need for a tactile
user interface sensor (such as a capacitive matrix proximity
sensor) and associated components.

[0201] Either of these arrangements allows for a common
processor to be used for display, camera, and tactile user
interface sensor functionalities. The result dramatically
decreases the component count and system complexity for
contemporary and future mobile devices such as cellphones,
smartphones, PDAs, tablet computers, and other such
devices.

Use in Implementing a Combination Proximate Gesture
User Interface, Tactile User Interface (Touchscreen), and
Visual Image Display

[0202] In an embodiment, an array of color inorganic
LEDs, OLEDs, OLETs, or related devices, together with
associated signal processing aspects of the invention, can be
adapted to function as both an image display and light-field
sensor which can be used to implement a proximate gesture
user interface, tactile user interface (touchscreen), and visual
image display.
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[0203] Further, the integrated combination of a tactile user
interface (touch screen) capability and a proximate (hand
image) gesture user interface capability can provide a more
flexible, sophisticated, and higher accuracy user interface.

[0204] Further, as the integrated tactile user interface
(touch screen) and a proximate (hand image) gesture user
interface capabilities employ the light filed sensor modalities
for the LED array, this approach can remove the need for a
tactile user interface sensor (such as a capacitive matrix
proximity sensor) and associated components.

[0205] Either of these arrangements allows for a common
processor to be used for display, camera, proximate gesture
user interface, and tactile user interface (touch screen)
functionalities. The result dramatically decreases the com-
ponent count and system complexity for contemporary and
future mobile devices such as cellphones, smartphones,
PDAs, tablet computers, and other such devices.

Use in Implementing a Combination Proximate Gesture
User Interface, Tactile User Interface (Touchscreen),
Lensless Imaging Camera, and Visual Image Display

[0206] In an embodiment, an array of color inorganic
LEDs, OLEDs, OLETs, or related devices, together with
associated signal processing aspects of the invention, can be
adapted to function as both an image display and light-field
sensor which can be used to implement a proximate gesture
user interface, tactile user interface (touchscreen), lensless
imaging camera, and visual image display.

[0207] The integrated camera/display operation removes
the need for a screen-direction camera and interface elec-
tronics in mobile devices. The integrated camera/display
operation can also improve eye contact in mobile devices.
[0208] Further, the integrated combination of a tactile user
interface (touch screen) capability and a proximate (hand
image) gesture user interface capability can provide a more
flexible, sophisticated, and higher accuracy user interface.

[0209] Either of these arrangements allows for a common
processor to be used for display, camera, proximate gesture
user interface, and tactile user interface (touch screen)
functionalities. The result dramatically decreases the com-
ponent count and system complexity for contemporary and
future mobile devices such as cellphones, smartphones,
PDAs, tablet computers, and other such devices.

System Architecture Advantages and Consolidation
Opportunities for Mobile Devices

[0210] The arrangements described above allow for a
common processor to be used for display and camera
functionalities. The result dramatically decreases the com-
ponent count, system hardware complexity, and inter-chip
communications complexity for contemporary and future
mobile devices such as cellphones, smartphones, PDAs,
tablet computers, and other such devices.

[0211] FIG. 41 depicts an exemplary reference arrange-
ment comprised by mobile devices such as cellphones,
smartphones, PDAs, tablet computers, and other such
devices.

[0212] FIG. 42 depicts an exemplary variation of the
exemplary reference arrangement of FIG. 41 wherein an
LED array replaces the display, camera, and touch sensor
and is interfaced by a common processor that replaces
associated support hardware. In an embodiment, the com-
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mon processor is a Graphics Processing Unit (“GPU”) or
comprises a GPU architecture.

[0213] FIG. 43 depicts an exemplary variation of the
exemplary reference arrangement of FIG. 42 wherein the
common processor associated with the LED array further
executes at least some touch-based user interface software.
[0214] FIG. 44 depicts an exemplary variation of the
exemplary reference arrangement of FIG. 42 wherein the
common processor associated with the LED array further
executes all touch-based user interface software.

Advantageous Use of Supplemental Integrated Capacitive
Sensors

[0215] Inan embodiment, a capacitive sensor may be used
to supplement the optical tactile sensing capabilities
describe thus far. FIG. 45 depicts an exemplary embodiment
comprising an LED array preceded by a microoptics vignett-
ing array and a capacitive matrix sensor. FIG. 46 depicts an
exemplary embodiment comprising an LED array preceded
by a microoptics vignetting array that is physically and
electrically configured to also function as a capacitive matrix
sensor. This can be accomplished by making at least some
portions of the microoptics vignetting array electrically
conductive.

Closing

[0216] While the invention has been described in detail
with reference to disclosed embodiments, various modifi-
cations within the scope of the invention will be apparent to
those of ordinary skill in this technological field. It is to be
appreciated that features described with respect to one
embodiment typically can be applied to other embodiments.
[0217] The invention can be embodied in other specific
forms without departing from the spirit or essential charac-
teristics thereof. The present embodiments are therefore to
be considered in all respects as illustrative and not restric-
tive, the scope of the invention being indicated by the
appended claims rather than by the foregoing description,
and all changes which come within the meaning and range
of equivalency of the claims are therefore intended to be
embraced therein. Therefore, the invention properly is to be
construed with reference to the claims.

[0218] Although exemplary embodiments have been pro-
vided in detail, it should be understood that various changes,
substitutions and alternations could be made thereto without
departing from spirit and scope of the disclosed subject
matter as defined by the appended claims. Variations
described for exemplary embodiments may be realized in
any combination desirable for each particular application.
Thus particular limitations, and/or embodiment enhance-
ments described herein, which may have particular advan-
tages to a particular application, need not be used for all
applications. Also, not all limitations need be implemented
in methods, systems, and/or apparatuses including one or
more concepts described with relation to the provided exem-
plary embodiments.

What is claimed is:

1. A system for implementing a function of a visual
display, light-field sensor, and a user interface for operation
by a user hand, the system comprising:

at least one processor, the at least one processor having an

electrical interface and for executing at least one soft-
ware algorithm;
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a liquid crystal display (LLCD) configured to be in com-
munication with the at least one processor;

a light emitting diode (LED) array having light-sensing
capabilities, the LED array arranged for providing
backlighting for the LCD and light sensing through the
LCD, the LED array in communication with the at least
one processor;

wherein the LCD is used for at least visual display and
vignette formation acting on an incoming light-field,

wherein light sensing portions of the LED array perform
a light detection function at least for an interval of time,
a result of the light detection function comprising
incoming light-field measurement information commu-
nicated to the at least one processor, and

wherein the least one processor calculates an image from
the light-field measurement information responsive to
the incoming light-field as measured through the
vignetting provided by the LCD.

2. The system of claim 1, wherein the LED array com-

prises at least one organic light-emitting diode (OLED).

3. The system of claim 2, wherein each OLED is operated
in at least two of a light emission state, a light detection state,
and an idle state.

4. The system of claim 1, wherein the LED array com-
prises light sensing elements.

5. The system of claim 4, wherein the light sensing
elements comprise photodiodes.

6. The system of claim 1, wherein the LED array com-
prises two LED arrays that are fabricated separately and
assembled together to form a layered structure.

7. The system of claim 1, wherein the light sensing
portions of the LED array are transparent.

8. The system of claim 1, wherein the system is config-
ured to operate as both an image display and a light-field
sensor.

9. The system of claim 1, wherein the light-field mea-
surement information is used to create light-field sensor
output information.

10. The system of claim 9, wherein the light-field sensor
output information is used to implement a proximity hand
gesture user interface.

11. The system of claim 9, wherein the light-field sensor
output information is used to implement a tactile user
interface.

12. The system of claim 1, where the system is configured
to implement a touch screen user interface.

13. The system of claim 1, wherein the system is config-
ured to implement a proximate image user interface sensor.

14. The system of claim 1, where the system is configured
to implement a lensless imaging camera calculating the
image from the incoming light-field as measured through the
vignetting provided by the LCD.

15. The system of claim 1, where the system is comprised
within a mobile phone.

16. The system of claim 1, where the system is comprised
within a Personal Digital Assistant (“PDA”).

17. The system of claim 1, where the system is comprised
within a tablet computer.

18. The system of claim 1, wherein the system is config-
ured to operate simultaneously as an imaging camera and as
a display.

19. The system of claim 18, wherein the system is further
configured to provide eye-contact in video conferencing
applications.
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20. The system of claim 1, wherein the system is config-
ured to operate simultaneously as a video camera and a
display.
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