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Electronic Device With Color Sensing Ambient Light Sensor

This application claims priority to US patent application No. 14/870,924, filed on
September 30, 2015, and provisional patent application No. 62/114,918 filed on February 11,

2015, which are hereby incorporated by reference herein in their entireties.

Background

[0001] This relates generally to electronic devices, and, more particularly, to light sensors
for electronic devices.

[0002] Electronic devices such as laptop computers, cellular telephones, and other
equipment are sometimes provided with light sensors. For example, ambient light sensors
may be incorporated into a device to provide the device with information on current lighting
conditions. Ambient light readings may be used in controlling the device. If, for example
bright daylight conditions are detected, an electronic device may increase display brightness
to compensate.

[0003] Ambient light conditions sometimes include significant changes in color. For
example, an electronic device may be used in a cool color temperature environment such as
outdoors shade or a warm color temperature environment such as an indoors environment
that has been lit with incandescent lighting. Content that appears to be correctly displayed on
a display in one of these environments may have an unpleasant color cast in the other
environment. For example, a display that is properly adjusted in an outdoors environment
may appear overly cool under incandescent lighting.

[0004] It would therefore be desirable to be able to improve the presentation of color
images or to take other suitable actions based on ambient lighting attributes such as ambient

light color information.
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Summary

[0005] An electronic device may be provided with a display mounted in a housing. A color
sensing ambient light sensor may measure the color of ambient light. The color sensing
ambient light sensor may be mounted in alignment with an ambient light sensor window
formed in an inactive area of the display or elsewhere within the housing.

[0006] The color sensing ambient light sensor may be formed from an array of light
detectors on a semiconductor substrate. Some of the detectors may have spectral sensitivity
profiles that fully or partly match those of color matching functions. The color sensing
ambient light sensor may also include an infrared light detector.

[0007] Light redirecting structures such as a diffuser, prism film, negative lens film, or
privacy film may be used in directing light into the ambient light sensor. A sensor enclosure
may surround the ambient light sensor and may have an aperture that allows ambient light
with a restricted angle of view to reach the ambient light sensor.

[0008] During operation of the device, the color sensing ambient light sensor may make
measurements to identify the type of light source that is currently being used in the vicinity of
the device. For example, the color sensing ambient light sensor may determine whether the
device is being exposed to an infrared or non-infrared light source and can discriminate
between different types of light sources having different respective correlated color
temperatures. The color sensing ambient light sensor may be calibrated by exposing the
sensor to light sources of different types. During operation, calibration data can be retrieved

and used in calibrating the sensor that is based on the currently identified light source type.
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Brief Description of the Drawings

[0009] FIG. 1 is a schematic diagram of an illustrative electronic device having an ambient
light sensor in accordance with an embodiment.

[0010] FIG. 2 is a perspective view of a portion of an electronic device display within
which an ambient light sensor has been mounted in accordance with an embodiment.

[0011] FIG. 3 is a cross-sectional side view of an illustrative light sensor that is being
exposed to ambient light in accordance with an embodiment.

[0012] FIG. 4 is a cross-sectional side view of an illustrative light diffuser for an ambient
light sensor in accordance with an embodiment.

[0013] FIG. 5 is a cross-sectional side view of an illustrative interior enclosure with an
aperture to allow light with a range of desired angular orientations to pass to an ambient light
sensor in accordance with an embodiment.

[0014] FIG. 6 is a cross-sectional side view of an illustrative prism film for directing light
into an ambient light sensor in accordance with an embodiment.

[0015] FIG. 7 is a cross-sectional side view of an illustrative microlouvered privacy film
that may be placed over an ambient light sensor in accordance with an embodiment.

[0016] FIG. 8 is cross-sectional side view of an illustrative optical film with a pattern of
negative lenses for directing light towards an ambient light sensor in accordance with an
embodiment.

[0017] FIG. 9 is a graph in which an illustrative ambient light sensor window ink
transmission characteristic has been plotted as a function of wavelength in accordance with
an embodiment.

[0018] FIG. 10is a top view of an illustrative multichannel ambient light sensor in
accordance with an embodiment.

[0019] FIG. 11 is a graph in which the spectral sensitivity of each photodetector in an
illustrative color sensing ambient light sensor has been plotted in accordance with an
embodiment.

[0020] FIG. 12 is a matrix equation showing the relationship between the color coordinates
for a set of light sources and a color converting matrix and measured color sensing ambient
light sensor signals for the set of light sources in accordance with an embodiment.

[0021] FIG. 13 is a flow chart of illustrative steps in calibrating a color sensing ambient
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light sensor in accordance with an embodiment.

[0022] FIG. 14 is a flow chart of illustrative steps involved in making color measurements
with a color sensing ambient light sensor during operation of an electronic device in
accordance with an embodiment.

[0023] FIGS. 15 and 16 are top views of illustrative multichannel ambient light sensors
with photodetectors arranged in a circular shape to enhance angular performance of the

ambient light sensors in accordance with an embodiment.
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Detailed Description

[0024] An illustrative electronic device of the type that may be provided with one or more
light sensors is shown in FIG. 1. Electronic device 10 may be a computing device such as a
laptop computer, a computer monitor containing an embedded computer, a tablet computer, a
cellular telephone, a media player, or other handheld or portable electronic device, a smaller
device such as a wrist-watch device, a pendant device, a headphone or earpiece device, a
device embedded in eyeglasses or other equipment worn on a user’s head, or other wearable
or miniature device, a television, a computer display that does not contain an embedded
computer, a gaming device, a navigation device, an embedded system such as a system in
which electronic equipment with a display is mounted in a kiosk or automobile, equipment
that implements the functionality of two or more of these devices, or other electronic
equipment.

[0025] As shown in FIG. 1, electronic device 10 may have control circuitry 16. Control
circuitry 16 may include storage and processing circuitry for supporting the operation of
device 10. The storage and processing circuitry may include storage such as hard disk drive
storage, nonvolatile memory (e.g., flash memory or other electrically-programmable-read-
only memory configured to form a solid state drive), volatile memory (e.g., static or dynamic
random-access-memory), etc. Processing circuitry in control circuitry 16 may be used to
control the operation of device 10. The processing circuitry may be based on one or more
microprocessors, microcontrollers, digital signal processors, baseband processors, power
management units, audio chips, application specific integrated circuits, etc.

[0026] Input-output circuitry in device 10 such as input-output devices 12 may be used to
allow data to be supplied to device 10 and to allow data to be provided from device 10 to
external devices. Input-output devices 12 may include buttons, joysticks, scrolling wheels,
touch pads, key pads, keyboards, microphones, speakers, tone generators, vibrators, cameras,
light-emitting diodes and other status indicators, data ports, etc. A user can control the
operation of device 10 by supplying commands through input-output devices 12 and may
receive status information and other output from device 10 using the output resources of
input-output devices 12.

[0027] Input-output devices 12 may include one or more displays such as display 14.
Display 14 may be a touch screen display that includes a touch sensor for gathering touch

5



WO 2016/130267 PCT/US2016/013288

input from a user or display 14 may be insensitive to touch. A touch sensor for display 14
may be based on an array of capacitive touch sensor electrodes, acoustic touch sensor
structures, resistive touch components, force-based touch sensor structures, a light-based
touch sensor, or other suitable touch sensor arrangements.

[0028] Input-output devices 12 may also include sensors 18. Sensors 18 may include an
ambient light sensor and other sensors (e.g., a capacitive proximity sensor, a light-based
proximity sensor, a magnetic sensor, an accelerometer, a force sensor, a touch sensor, a
temperature sensor, a pressure sensor, a compass, a microphone or other sound sensor, or
other sensors).

[0029] An ambient light sensor for device 10 may have an array of detectors each of which
is provided with a different respective color filter. Information from the detectors may be
used to measure the total amount of ambient light that is present in the vicinity of device 10.
For example, the ambient light sensor may be used to determine whether device 10 isin a
dark or bright environment. Based on this information, control circuitry 16 can adjust display
brightness for display 14 or can take other suitable action.

[0030] The array of colored detectors may also be used to make color measurements (i.e.,
the ambient light sensor may be a color sensing ambient light sensor). Color measurements
may be gathered as color coordinates, color temperature, or correlated color temperature.
Processing circuitry may be used to convert these different types of color information to other
formats, if desired (e.g., a set of color coordinates may be processed to produce an associated
correlated color temperature, etc.). Configurations in which the color information gathered
by the ambient light sensor is a set of color coordinates are sometimes described herein as an
example. This is, however, merely illustrative. The color sensing ambient light sensor may
gather any suitable color information on ambient light. Total brightness (ambient light
intensity) may also be measured.

[0031] Color information from the color sensing ambient light sensor (and/or brightness
information) can be used to adjust the operation of device 10. For example, the color cast of
display 14 may be adjusted in accordance with the color of ambient lighting conditions. If,
for example, a user moves device 10 from a cool lighting environment to a warm lighting
environment (e.g., an incandescent light environment), the warmth of display 14 may be

increased accordingly, so that the user of device 10 does not perceive display 14 as being
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overly cold. If desired, the ambient light sensor may include an infrared light sensor. In
general, any suitable actions may be taken based on color measurements and/or total light
intensity measurements (e.g., adjusting display brightness, adjusting display content,
changing audio and/or video settings, adjusting sensor measurements from other sensors,
adjusting which on-screen options are presented to a user of device 10, adjusting wireless
circuitry settings, etc.).

[0032] A perspective view of a portion of an illustrative electronic device is shown in FIG.
2. In the example of FIG. 2, device 10 includes a display such as display 14 mounted in
housing 22. Housing 22, which may sometimes be referred to as an enclosure or case, may
be formed of plastic, glass, ceramics, fiber composites, metal (e.g., stainless steel, aluminum,
etc.), other suitable materials, or a combination of any two or more of these materials.
Housing 22 may be formed using a unibody configuration in which some or all of housing 22
is machined or molded as a single structure or may be formed using multiple structures (e.g.,
an internal frame structure, one or more structures that form exterior housing surfaces, etc.).
[0033] Display 14 may be protected using a display cover layer such as a layer of
transparent glass, clear plastic, sapphire, or other clear layer. Openings may be formed in the
display cover layer. For example, an opening may be formed in the display cover layer to
accommodate a button, a speaker port, or other components. Openings may be formed in
housing 22 to form communications ports (e.g., an audio jack port, a digital data port, etc.), to
form openings for buttons, etc.

[0034] Display 14 may include an array of display pixels formed from liquid crystal display
(LCD) components, an array of electrophoretic pixels, an array of plasma pixels, an array of
organic light-emitting diode pixels or other light-emitting diodes, an array of electrowetting
pixels, or pixels based on other display technologies. The array of pixels of display 14 forms
an active area AA. Active area AA is used to display images for a user of device 10. Active
area AA may be rectangular or may have other suitable shapes. Inactive border area IA may
run along one or more edges of active area AA. Inactive border area [A may contain circuits,
signal lines, and other structures that do not emit light for forming images. To hide inactive
circuitry and other components in border area [A from view by a user of device 10, the
underside of the outermost layer of display 14 (e.g., the display cover layer or other display

layer) may be coated with an opaque masking material such as a layer of black ink. Optical
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components (e.g., a camera, a light-based proximity sensor, an ambient light sensor, status
indicator light-emitting diodes, camera flash light-emitting diodes, etc.) may be mounted
under inactive border area IA. One or more openings (sometimes referred to as windows)
may be formed in the opaque masking layer of IA to accommodate the optical components.
For example, a light component window such as an ambient light sensor window may be
formed in a peripheral portion of display 14 such as region 20 in inactive border area IA.
Ambient light from the exterior of device 10 may be measured by an ambient light sensor in
device 10 after passing through region 20 and the display cover layer.

[0035] FIG. 3 is a cross-sectional side view of display 14 of FIG. 2 taken along line 24 and
viewed in direction 25 of FIG. 2. As shown in FIG. 3, light sensor 26 may be mounted in
alignment with window 20. Window 20 may have a circular shape, a square shape, a shape
with curved and/or straight edges, a circular ring shape with a central opaque region, or any
other suitable shape. Light sensor 26 may be a color sensing ambient light sensor that is used
in measuring ambient light in the vicinity of device 10. As shown in FIG. 3, display 14 may
have an outermost layer such as display cover layer 30. Display cover layer 30 has an outer
surface such as surface 34. Surface normal n is perpendicular to surface 34. Rays of ambient
light 28 are characterized by various angles of incidence A (measured with respect to surface
normal n).

[0036] Window 20 may be formed from an opening in opaque masking layer 28 on inner
surface 32 of display cover layer 30 in inactive area IA. Layer 30 may be formed from glass,
plastic, ceramic, sapphire, or other transparent materials and may be a part of a display
module for display 14 or may be a separate protective layer that covers active display
structures. The opening associated with window 20 may be filled with optical structures such
as ambient light sensor ink 54 and light redirecting structures 56.

[0037] Ambient light sensor ink 54 may have sufficient transparency at visible and infrared
wavelengths to allow sensor 26 to operate, while at the same time enhancing the outward
appearance of window 20 (e.g., by partly obscuring the presence of window 20 to a user of
device 10 by making window 20 have a visual appearance that is not too dissimilar from the
portion of layer 30 that includes layer 28). If desired, ambient light sensor ink 54 may be
omitted.

[0038] Sensor 26 may have multiple light detectors 60 (e.g., photodiodes, phototransistors,
8
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or other semiconductor photodetector structures). Light detectors 60 may be formed in an
array on a common semiconductor substrate such as substrate 62 or may be formed using two
or more substrates. Each of light detectors 60 may be provided with a corresponding color
filter 58. To provide sensor 26 with the ability to accurately measure colors, sensor 26 may
include two or more detectors 60 (e.g., 2-10 detectors, 3-8 detectors, 4-7 detectors, 5-7
detectors, only 4 detectors or more than 4 detectors, only 5 detectors or more than 5 detectors,
only 6 detectors or more than 6 detectors, only 7 detectors or more than 7 detectors, only 8
detectors or more than 8 detectors, fewer than 8 detectors, or any other suitable number of
detectors). Filters 58 may be thin-film interference filters and/or may be colored layers of
polymer or other color filter elements (e.g., colored filters formed from dyes and/or
pigments).

[0039] Light redirecting structures 56 may be used to gather light 52 from a variety of
angles of incidence A and to effectively pass this light to sensor 26. Light redirecting
structures 56 may include structures such as diffusers and/or patterned lenses to help redirect
off-axis ambient light rays into sensor 26 at an angle that is close to perpendicular to the
surface of substrate 62, thereby reducing the dependence of ambient light readings on the
relative orientation between device 10 and the sources of ambient light.

[0040] FIG. 4 illustrates how light redirecting structures 56 may be formed from a layer of
diffuser film. With this type of arrangement, incoming rays such as ray 52 may be scattered
within the diffuser film to produce scattered rays 52’ that are measured by sensor 26. The use
of a diffuser structure such as the diffuser of FIG. 4 helps collect light by redirecting
incoming off-axis light back towards sensor 26. The diffuser film may be a diffuser having a
Lambertian scattering profile (radiance through the diffuser independent of the angle of
incident light) or having a scattering profile that differs at any angle of light incidence on the
diffuser by less than 20% from a Lambertian scattering profile at that angle of light incidence
(as examples).

[0041] It may be desirable to provide an aperture above sensor 26 using an internal aperture
sensor enclosure. For example, sensor 26 may be mounted in an internal enclosure such as
enclosure 64 inside housing 22. Enclosure 64 may be formed from plastic, metal, ceramic,
and/or other materials or combinations of these materials. Opening (aperture 66) may be

formed in the upper surface of enclosure 64 to create a restricted angle of view for sensor 26
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within housing 22. This type of arrangement may help reduce the dependence of the
sensitivity of sensor 26 on its orientation with respect to ambient light sources, while
preserving a large field of view for gathering incoming ambient light through light redirecting
structures 56.

[0042] As shown in FIG. 6, light redirecting structures 56 may be formed from prism films.
Prism films use triangular ridges, pyramidal structures, or other protrusions to direct
incoming off-axis light 52 downwards to sensor 26 (see, e.g., redirected light ray 52° in the
example of FIG. 6). Prism films help bend and collimate light rays received over a wide
range of angles of incidence. Prism films may include protrusions on one or both sides of a
transparent substrate.

[0043] If desired, light redirecting structures 56 may include privacy films. As shown in
FIG. 7, a privacy film may include structures such as microlouvers 70 that define narrow
angle-of-view light passage channels such as channels 72. Microlouvers 70 may be formed
from opaque polymers, metal, multiple layers of polymer and/or metal (e.g., double layers of
metal with aligned openings), or other opaque structures. Off-axis light rays such as light ray
52B will strike microlouvers 70 and will be prevented from reaching sensor 26. On-axis rays
such as ray 52A will pass through one of channels 72 and will be detected by sensor 26.
Privacy filter structures help eliminate light rays with large angles of incidence.

[0044] In the example of FIG. 8, light redirecting structures 56 have been formed from a
film of one-dimensional or two-dimensional array of negative lenses 74 (e.g., negative lens
structures on the inner surface of a transparent film). Lenses 74 may help redirect incoming
off-axis light rays such as ray 52 to sensor 26, as shown by illustrative redirected light ray
52’. Negative lensing effects in this type of structure help bend light towards sensor 26 and
thereby decrease the angle of incidence of the light rays when they reach sensor 26.

[0045] If desired, other types of light redirecting structures may be used. Moreover, two or
more different types of light redirecting structures may be combined to form light redirecting
structures 56. For example, a diffuser can be formed as a coating on the surface of a negative
lens film, a diffuser film may be stacked with a prism film and/or a microlouvered film, etc.
[0046] FIG. 9 is a graph in which ink light transmission Tink has been plotted as a function
of wavelength for an illustrative ambient light sensor ink such as ink 54 of FIG. 3. As shown

by illustrative transmission curve 76, ink 54 may exhibit a non-zero transmission at visible
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light (VIS) wavelengths and may, if desired, exhibit an increasing transmission toward
infrared (IR) wavelengths. The transmission of ink 54 is preferably sufficient to allow sensor
26 to gather ambient light readings in bright and dim light.

[0047] To allow sensor 26 to make color measurements, sensor 26 may have an array of
light detectors 60, each of which may have a different spectral profile for gathering light.
There may be any suitable number of visible light detectors in sensor 26 (e.g., two or more,
three or more, four or more, five or more, six or more, three or less, four or less, five or less,
six or less, less than 10, more than 5, 2-10, 2-15, 4-9, etc. In the example of FIG. 10, there
are six visible light detectors 60 (PD1, PD2, PD3, PD4, PD35, and PD6) and one infrared light
detector PD7. This is merely illustrative. For example, there may be fewer than six (e.g.,
five, four, or three or fewer.) or more than six (e.g., seven, eight, or more than eight) visible
light detectors. Infrared light detector PD7 may be omitted or infrared light detection
capabilities may be provided by extending the long wavelength sensitivity of a red detector so
that the red detector has a spectral sensitivity profile that overlaps near infrared wavelengths.
As an example, PD7 may be omitted and PD6 may be a red light detector with an extended
spectral profile that is sensitive at infrared wavelengths. In this type of configuration, the IR
response of PD6 may be used to help discriminate between different types of light sources
(e.g., IR or non-IR, etc.) and may provide a visible spectral profile contribution (e.g., red
sensitivity) to sensor 26 that helps sensor 26 measure the color of ambient light.

[0048] Illustrative spectral responses for detectors 60 of FIG. 10 are shown in FIG. 11. As
shown in FIG. 11, PD1 may have a blue spectral response, detector PD6 may have a red
spectral response, and the spectral responses of detectors PD2, PD3, PD4, and PD5 may
cover respective wavelength ranges between the blue and red ends of the visible spectrum.
Detector PD7 may cover infrared wavelengths (e.g., wavelengths including wavelengths
above 700 nm, between 800-900 nm, etc.).

[0049] To enhance color sensing accuracy, it may be desirable to configure the spectral
responses of detectors 60 so that one or more of detectors 60 has a spectral response that
matches a color matching function (e.g., one of the three CIE standard observer color
matching functions %, ¥, and Z). The color matching functions represent the spectral
response of a standard observer. In the illustrative configuration of FIG. 11, the spectral

response of detector PD1 matches the spectral shape of color matching function Z, the
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spectral response of detector PD3 matches the spectral shape of color matching function

y, and the spectral response of detector PD4 matches the upper half of color matching
function x (i.e., the upper hump of the two hump response for X, which lies between 500 and
700 nm). If desired, one of detectors 60 may fully match for the spectrum of x. The example
of FIG. 11 in which the spectral sensitivity profile for PD4 partly matches color matching
function X is merely illustrative.

[0050] If desired, the spectral sensitivity profile of one or more of the detectors may
resemble a standard observer color matching function without actually matching a standard
observer color matching function. As an example, a spectral sensitivity profile may be the
same as that for standard observer color matching function X but at different wavelengths
(i.e., the curve shape of the spectral sensitivity profile may match that of the color matching
function while the location in wavelength of the curve may differ by plus or minus 15 nm or
other suitable amount). As another example, the curve shape of the spectral sensitivity
profile may differ somewhat from the color matching function (at the same set of
wavelengths or a shifted set of wavelengths). It may be desirable to use one or more spectral
sensitivity profiles that lie within a 20% root-mean-square deviation from a standard observer
color matching function (disregarding wavelength differences between the spectral sensitivity
profile and the standard observer color matching function).

[0051] Optical sensors with filters that are responsive in the visible range (380-780 nm)
may have overlapping spectral responses. The shape and positions of some of the channels
may resemble (e.g., within 20% root-mean-square deviation) standard observer color
matching functions (at the same wavelengths or disregarding wavelength). The spectral
responses can be configured so that linear combinations of these multiple channels' spectra
can resemble (e.g., within 20% error or other suitable deviation) or can match the standard
observer color matching functions.

[0052] In addition to the spectral responses of detectors 60 that match the color matching
functions (or, for the case of PD4 and color matching function %, that partly match the color
matching function by virtue of matching the upper half of the color matching function),
detectors 60 may cover other spectral ranges (e.g., ranges that partly overlap other the
coverage ranges of other detectors and that help provide coverage over the entire visible
spectrum), thereby enhancing color measurement accuracy. At the same time, the use of an
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excessive number of different detectors may be avoided to avoid excessive cost, complexity,
and power consumption. Readings from infrared detector PD7 may be used to enhance
accuracy for visible light detection (e.g., by removing infrared contributions to the visible
light detectors) and/or may be used to help allow sensor 26 to discriminate between different
types of lighting source. As an example, light sources with little or no infrared light may be
characterized as non-IR sources, whereas light sources that contain significant light detected
by detector PD7 may be characterized as IR sources.

[0053] The ability to classify light sources by type may enhance accuracy when computing
color coordinates for measured light sources. During calibration operations, color sensor 26
may be calibrated using light sources of different types. For example, calibration
measurements may be made by training sensor 26 using multiple infrared light sources and
multiple non-infrared light sources. When making color measurements with sensor 26 while
a user is using device 10, device 10 may use information on which type of ambient light
source is present (IR or non-IR in this example) to determine whether IR or non-IR sensor
calibration data should be used in processing sensor measurements. If desired, other types of
sensor calibration scheme may be used (e.g., by sweeping a single reference narrowband light
source across all wavelengths of interest while making measurements with each of the
detectors in sensor 26, etc.). Configurations in which sensor data is processed using light-
source-type-dependent calibration techniques are sometimes described herein as an example.
[0054] As shown in FIG. 12, a color converting matrix A in matrix equation P = A Q may
be used in relating color coordinates (matrix P) to sensor outputs (sensor spectral response
matrix Q. In the equation of FIG. 12, each column of matrix Q relates to the output of sensor
26 when exposed to a different respective light source. In the example of FIG. 12, sensor 26
has six visible light sensors, so each column of matrix Q contains six detector outputs
PD1...PD6. The first column of matrix Q contains outputs PD1;...PD6; that were obtained
when exposing sensor 26 to light from a first light source, the second column of matrix Q
contains outputs PD1...PD6; that were obtained when exposing sensor 26 to a second light
source, etc. The outputs of sensor 26 were measured while sensor 26 was illuminated by m
different light sources, so matrix Q contains m columns. Matrix P contains columns of color
coordinates X, Y, and Z. Each column of matrix P corresponds to the color coordinates of a

different measured color. For example, the first column of matrix P contains color
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coordinates X1, Y1, Z1, corresponding to the color that is measured when exposing sensor 26
to light from light source number 1 (which caused sensor 26 to produce outputs
PD1;...PD6;), the second column of matrix P contains color coordinates X2, Y2, Z2,
corresponding to the color that is measured when exposing sensor 26 to light from light
source number 2 (which caused sensor 26 to produce outputs PD1-...PD6,), etc.

[0055] In the example of FIG. 12, matrix P is a 3 x m matrix, matrix Q is a 6 X m matrix,
and matrix A is a 3 x 6 matrix. During calibration, different respective A matrices can be
computed for different types of light sources. Examples of different light source types
include infrared (IR) and non-IR. The non-IR type may, if desired, be subdivided into high
and low correlated color temperature types (high CCT and low CCT). With one suitable
arrangement, high CCT lighting conditions are characterized by CCT values above 4500K
and low CCT lighting conditions are characterized by CCT values below 4500K. These
lighting types (or any other suitable lighting types) can each be associated with a different
respective version of color converting matrix A (i.e., a different color converting matrix A
may be produced for each lighting type to enhance color measurement accuracy).
Incandescent lighting and halogen lighting may belong to the IR lighting type. Sunlight is an
example of a light source of the high CCT non-IR lighting type. Some fluorescent lighting
and light-emitting diode (LED) lighting may be of the high CCT non-IR lighting type. Other
fluorescent lighting and LED lighting may be of the low CCT non-IR lighting type. The
process of calibrating different types of lighting to produce corresponding different versions
of color converting matrix A is sometimes referred to as segmented calibration.

[0056] Illustrative steps involved in calibrating sensor 26 using a segmented calibration
approach are shown in FIG. 13.

[0057] Atstep 110, a light source for a group of light sources of a particular type is
selected. For example, an incandescent light or halogen light may be selected when it is
desired to perform calibration operations to produce a version of color converting matrix A
that pertains to IR light sources.

[0058] After selecting a light source for which it is desired to make calibration
measurements, a reference spectrometer may be used to make a color measurement on the
selected light source. For example, the spectrometer may measure color coordinates X, Y,

and Z for the light source (step 102). This information may be used to determine the values
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for a column of matrix P corresponding to the selected light source.

[0059] Once the color coordinates for the current selected light source have been gathered
and stored, sensor 26 may be exposed to light from the current selected light source (or to a
simulated version of this light source produced by a tunable light-emitting diode, a tunable
source based on a tunable liquid crystal filter, etc.). In particular, sensor 26 may, at step 104,
make a measurement on the current light source and may produce corresponding detector
signals (i.e., each of detectors PD1...PD6 may produce an output signal). This information
may be stored to produce one of the columns of matrix Q of FIG. 11.

[0060] As indicated by line 106, processing may loop back to step 100 in the event that it is
desired to acquire data from one or more additional light sources in the same group of light
sources (i.e., additional IR light sources in the illustrative scenario in which sensor 26 is
being calibrated using a group of IR light sources).

[0061] Once sensor data corresponding to a representative selection of light sources in the
current group has been collected (i.e., once data from all m IR light sources has been used to
populate the columns of matrices P and Q in the present example), matrix A may be
computed from matrix Q and P at step 108. In computing color converting matrix A, a
matrix inversion technique such as the pseudoinverse technique may be used to invert sensor
spectral response matrix Q. Color converting matrix A may then be calculated by

multiplying matrix P and pseudoinverse matrix Q! according to equation 1.

[0062] A=PQ! (D

[0063] If it is desired to perform additional calibration operations (e.g., to calibrate a group
of light sources of the non-IR high CCT type or a group of light source of the non-IR low
CCT type), a new lighting type may be selected and processing may loop back to step 100, as
indicated by line 110. After data has been gathered for each desired lighting type, the values
of the matrix A that were produced for all of the desired lighting types may be stored in
device 10 to calibrate sensor 26 and device 10 (step 112).

[0064] A device having a sensor that has been calibrated using this type of segmented
calibration scheme may be operated in accordance with the flow chart of FIG. 14. At step

114, device 10 may be exposed to ambient light having a spectrum x,. When exposed to
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input light X, sensor 26 will produce an output x.Q that can be gathered by device 10 and
stored (e.g., using control circuitry 16).

[0065] After gathering the detector output signals from sensor 16 at step 114, device 10
may, at step 116, identify which type of light source is currently being used to illuminate
device 10. For example, if IR detector PD7 detects that more than a predetermined amount of
infrared light is present relative to the total ambient light reading, the current lighting
conditions can be characterized as falling within the IR lighting type. If there is no IR light
present (i.e., if the IR signal is less than a predetermined amount relative to the other types of
light), the lighting source can be characterized as being one of the non-IR types. A correlated
color temperature measurement may then be used to determine whether the non-IR light
source that is illuminating device 10 is a high or low correlated color temperature light
source.

[0066] After identifying the type of light source that is currently being used to produce
ambient light 52 in the vicinity of device 10 and ambient light sensor 26, control circuitry 16
may retrieve an appropriate color converting matrix A for that light source type from storage
(step 118). For example, control circuitry 16 may retrieve the IR light source version of
matrix A in response to identifying the present lighting conditions as being of the IR type.
[0067] At step 120, the color (i.e., the color coordinates) of the measured ambient light can
be determined by multiplying the measured sensor output by the retrieved version of A. If
desired, ambient light sensor color information from sensor 26 may be gathered or converted
to produce color temperature data, correlated color temperature data, or other color
information in addition to or instead of color coordinates. The use of sensor 26 to make color
measurements that are stored as color coordinates is merely illustrative. Any color ambient
light information (and intensity information) may be gathered and used by device 10, if
desired.

[0068] At step 120, device 10 may use control circuitry 16 to take suitable action based on
the measured color of the ambient light (and, if desired, based on light intensity). For
example, device 10 may adjust the color of the images being displayed on display 14, may
make other adjustments to display 14, etc.

[0069] If desired, ambient light sensor 26 may be calibrated by sweeping a tunable light

source across a wavelength range of interest for calibration (e.g., the visible spectrum). The
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tunable light source may be a monochromator, may be a tunable light-emitting diode, may be
a wide-band light source with a tunable filter such as a liquid crystal tunable filter, or may be
any other tunable light source. As the tunable light source is swept across the wavelength
range of interest, the response of sensor 26 may be monitored and sensor response data may
be processed and stored in device 10 for use in calibrating sensor 26. If desired, the tunable
sensor may simulate the spectrum of one or more light sources of different types.

[0070] In the example of FIG. 10, photodiodes were arranged in rows and columns. If
desired, the photodiodes may be arranged in circular patterns or other centrally symmetric
patterns (i.e., shapes that exhibit a common-centric structure in which pairs of photodiodes
are surround a common point and oppose one another across the central point). These
common-centric structures can have two-fold symmetry (pairs of photodiodes oppose one
another) or may have four-fold symmetry (first, second, third, and fourth photodiodes are
arranged around a common point so that the first and second photodiodes oppose one another
across the central point and so that the third and fourth photodiodes oppose one another
across the central point. The use of common-centric arrangements for the photodiodes helps
reduce the impact of the angular orientation of incoming ambient light on the output of sensor
26. In the illustrative configuration of FIG. 15, for example, sensor 26 has photodiodes 60 of
six different spectral sensitivities (PD1, PD2, PD3, PD4, PDS5, and PD6). These photodiodes
may be visible light photodiodes and/or photodiodes with spectral responses that extend into
infrared wavelengths. For example, each of the six photodiodes may be associated with a
respective one of the visible light spectra in FIG. 11 or other suitable spectra.

[0071] The photodiodes may each be split into a pair of first and second photodiode
portions on opposing sides of central point 150, providing the photodiodes of sensor 36 with
central symmetry. For example, photodiodes PD1 is split into a first photodiode portion
PD1-1 and a corresponding second photodiode portion PD1-2 on the opposite side of point
150. This same pattern may be used for each of photodiodes 60, so that each photodiode has
a portion on one side of point 150 and on an opposing side of point 150.

[0072] By arranging photodiode areas in this way, the photodiodes exhibit central
symmetry and exhibit a reduced angular sensitivity. Due to the scattering profile of the
incoming ambient light when passing through the light redirection structure, off-angle

ambient light (e.g., light that is not parallel to the surface normal of sensor 26) will tend to
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increase the output of one half of each photodiode while decreasing the output of the other
half of that photodiode. For example, off-axis light might increase the output of first
photodiode portion PD1-1 of photodiode PD1, but will tend to decrease the output of second
photodiode portion PD1-2 of photodiode PD1 by a corresponding amount, so the total output
from each photodiode remains relatively independent of incoming light angle. Non-circular
patterns may also be used to reduce angular sensitivity in configurations with split
photodiodes (e.g., square common-centric layouts, etc.). The use of a centrally symmetric
(common-centric) circularly shaped photodiode layout in the example of FIG. 15 is merely
illustrative. The common-centric photodiode layout may exhibit two-fold symmetry or four-
fold symmetry (as examples).

[0073] In the FIG. 15 arrangement, light sensor processing circuitry 26’ has been
implemented on the same die as photodiodes 60 at a location that is offset from photodiodes
60. FIG. 16 is a diagram showing how the circular ring-shaped photodiode region for
photodiodes 60 may surround processing circuitry 26’ or other control circuitry 16 (e.g., to
enhance layout efficiency). Other layouts may be used, if desired.

[0074] In accordance with an embodiment, an electronic device that is exposed to ambient
light that has an ambient light color is provided that includes an input-output device that
receives input from a user, a display that displays images for the user, a housing in which the
input-output device and the display are mounted, and control circuitry in the housing, and a
color sensing ambient light sensor in the housing with which the control circuitry measures
an ambient light color, the control circuitry adjusts the display at least partly based on the
measured ambient light color.

[0075] In accordance with another embodiment, the color sensing ambient light sensor has
at least five light detectors each having a respective spectral sensitivity profile.

[0076] In accordance with another embodiment, the color sensing ambient light sensor has
a semiconductor substrate and has at least five light detectors in the substrate each having a
respective spectral sensitivity profile.

[0077] In accordance with another embodiment, at least one of the spectral sensitivity
profiles is a standard observer color matching function and at least one of the spectral
sensitivity profiles is a visible light spectral sensitivity profile that is not standard observer

color matching function.
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[0078] In accordance with another embodiment, at least one of the spectral sensitivity
profiles is within a 20% root-mean-square deviation from a standard observer color matching
function disregarding wavelength differences between the at least one of the spectral
sensitivity profiles and the standard observer color matching function.

[0079] In accordance with another embodiment, one of the spectral sensitivity profiles
matches a standard observer color matching function.

[0080] In accordance with another embodiment, one of the spectral sensitivity profiles
matches a Z CIE standard observer color matching function and one of the spectral sensitivity
profiles matches a y CIE standard observer color matching function.

[0081] In accordance with another embodiment, one of the spectral sensitivity profiles
matches an upper half of an X CIE standard observer color matching function.

[0082] In accordance with another embodiment, the color sensing ambient light sensor has
fewer than seven visible light detectors.

[0083] In accordance with another embodiment, a linear combination of two or more of the
spectral sensitivity profiles matches a standard observer color matching function.

[0084] In accordance with another embodiment, the color sensing ambient light sensor has
fewer than seven visible light detectors.

[0085] In accordance with another embodiment, the electronic device includes an ambient
light sensor window in the display, and a light redirection structure in the ambient light
sensor window, the color sensing ambient light sensor receives the ambient light through the
ambient light sensor window and the light redirection structure.

[0086] In accordance with another embodiment, the electronic device includes ink in the
ambient light sensor window.

[0087] In accordance with another embodiment, the light redirection structure includes a
structure selected from the group consisting of a diffuser film, a prism film, a privacy film,
and a negative lens film.

[0088] In accordance with another embodiment, the light redirection structure includes a
diffuser having a Lambertian scattering profile.

[0089] In accordance with another embodiment, the light redirection structure includes a
diffuser having a scattering profile that differs at any angle of light incidence on the diffuser

by less than 20% from a Lambertian scattering profile at that angle of light incidence.
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[0090] In accordance with another embodiment, the control circuitry is configured to use
sensor data from the color sensing ambient light sensor to identify a light source type
associated with the ambient light.

[0091] In accordance with another embodiment, the control circuitry is configured to
processes sensor data from the color sensing ambient light sensor using a color converting
matrix that is selected based on the identified lighting type and the electronic device is
selected from the group consisting of a portable computer, a tablet computer, a cellular
telephone, and a wrist-watch device.

[0092] In accordance with another embodiment, the color sensing ambient light sensor has
light detectors each having a respective spectral sensitivity profile.

[0093] In accordance with another embodiment, the light detectors are arranged in a
common-centric layout.

[0094] In accordance with another embodiment, the common-centric layout exhibits four-
fold symmetry.

[0095] In accordance with another embodiment, the common-centric layout exhibits two-
fold symmetry.

[0096] In accordance with another embodiment, each of the light detectors includes at least
a first portion and a second portion on opposing sides of a central point.

[0097] In accordance with another embodiment, each of the light detectors has a first
portion and a second portion to reduce angular sensitivity for the color sensing ambient light
Sensor.

[0098] In accordance with an embodiment, a method for calibrating a color sensing ambient
light sensor is provided that includes for each of a plurality of ambient light source lighting
types, measuring color coordinates for each of multiple ambient light sources with a reference
spectrometer and gathering sensor data from the color sensing light sensor while the color
sensing ambient light sensor is exposed to ambient light from each of the multiple ambient
light sources of that ambient light source lighting type, and processing the gathered sensor
data and the measured color coordinates to produce a plurality of color converting matrices,
each color converting matrix corresponding to a respective one of the plurality of ambient
light source lighting types.

[0099] In accordance with another embodiment, processing the gathered sensor data and the

20



WO 2016/130267 PCT/US2016/013288

measured color coordinates includes multiplying a color coordinate matrix that contains the
measured color coordinates and a pseudoinverse of a sensor spectral response matrix
associated with the color sensing ambient light sensor.

[00100] In accordance with an embodiment, a color sensing ambient light sensor for a
portable electronic device having a display with a color that is adjusted based on color
measurements from the color sensing ambient light sensor is provided that includes a
semiconductor substrate, and at least five visible light detectors in the semiconductor
substrate, each having a different spectral sensitivity profile, at least one of the five visible
light detectors has a spectral sensitivity profile that matches a standard observer color
matching function and at least one of the five visible light detectors has a spectral sensitivity
profile that does not match a standard observer color matching function.

[00101] In accordance with another embodiment, the color sensing ambient light sensor
includes an infrared light sensor in the semiconductor substrate.

[00102] In accordance with another embodiment, the visible light detectors include a red
light detector that measures infrared light.

[00103] In accordance with another embodiment, each of the visible light detectors is formed
from first and second portions on opposing sides of a shared central point.

[00104] The foregoing is merely illustrative and various modifications can be made by those
skilled in the art without departing from the scope and spirit of the described embodiments.

The foregoing embodiments may be implemented individually or in any combination.
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Claims
What is Claimed is:
1. An electronic device that is exposed to ambient light that has an

ambient light color, comprising:

an input-output device that receives input from a user;

a display that displays images for the user;

a housing in which the input-output device and the display are
mounted; and

control circuitry in the housing; and

a color sensing ambient light sensor in the housing with which the
control circuitry measures an ambient light color, wherein the control circuitry adjusts the

display at least partly based on the measured ambient light color.

2. The electronic device defined in claim 1 wherein the color sensing
ambient light sensor has at least five light detectors each having a respective spectral

sensitivity profile.

3. The electronic device defined in claim 1 wherein the color sensing
ambient light sensor has a semiconductor substrate and has at least five light detectors in the

substrate each having a respective spectral sensitivity profile.

4. The electronic device defined in claim 3 wherein at least one of the
spectral sensitivity profiles is a standard observer color matching function and at least one of
the spectral sensitivity profiles is a visible light spectral sensitivity profile that is not standard

observer color matching function.

5. The electronic device defined in claim 3 wherein at least one of the
spectral sensitivity profiles is within a 20% root-mean-square deviation from a standard
observer color matching function disregarding wavelength differences between the at least

one of the spectral sensitivity profiles and the standard observer color matching function.
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6. The electronic device defined in claim 3 wherein one of the spectral

sensitivity profiles matches a standard observer color matching function.

7. The electronic device defined in claim 6 wherein one of the spectral
sensitivity profiles matches a Z CIE standard observer color matching function and wherein
one of the spectral sensitivity profiles matches a ¥ CIE standard observer color matching

function.

8. The electronic device defined in claim 3 wherein one of the spectral
sensitivity profiles matches an upper half of an x CIE standard observer color matching

function.

9. The electronic device defined in claim 8 wherein the color sensing

ambient light sensor has fewer than seven visible light detectors.

10. The electronic device defined in claim 8 wherein a linear combination
of two or more of the spectral sensitivity profiles matches a standard observer color matching

function.

11. The electronic device defined in claim 10 wherein the color sensing

ambient light sensor has fewer than seven visible light detectors.

12. The electronic device defined in claim 11 further comprising:
an ambient light sensor window in the display; and
a light redirection structure in the ambient light sensor window,
wherein the color sensing ambient light sensor receives the ambient light through the ambient

light sensor window and the light redirection structure.

13. The electronic device defined in claim 12 further comprising ink in the

ambient light sensor window.
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14. The electronic device defined in claim 12 wherein the light redirection
structure comprises a structure selected from the group consisting of: a diffuser film, a prism

film, a privacy film, and a negative lens film.

15. The electronic device defined in claim 12 wherein the light redirection

structure comprises a diffuser having a Lambertian scattering profile.

16. The electronic device defined in claim 12 wherein the light redirection
structure comprises a diffuser having a scattering profile that differs at any angle of light
incidence on the diffuser by less than 20% from a Lambertian scattering profile at that angle
of light incidence.

17. The electronic device defined in claim 1 wherein the control circuitry
is configured to use sensor data from the color sensing ambient light sensor to identify a light

source type associated with the ambient light.

18. The electronic device defined in claim 17 wherein the control circuitry
is configured to processes sensor data from the color sensing ambient light sensor using a
color converting matrix that is selected based on the identified lighting type and wherein the
electronic device is selected from the group consisting of: a portable computer, a tablet

computer, a cellular telephone, and a wrist-watch device.

19. The electronic device defined in claim 1 wherein the color sensing

ambient light sensor has light detectors each having a respective spectral sensitivity profile.

20. The electronic device defined in claim 19 wherein the light detectors

are arranged in a common-centric layout.

21. The electronic device defined in claim 20 wherein the common-centric

layout exhibits four-fold symmetry.

22. The electronic device defined in claim 20 wherein the common-centric
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layout exhibits two-fold symmetry.

23. The electronic device defined in claim 19 wherein each of the light
detectors comprises at least a first portion and a second portion on opposing sides of a central

point.

24. The electronic device defined in claim 19 wherein each of the light
detectors has a first portion and a second portion to reduce angular sensitivity for the color

sensing ambient light sensor.

25. A method for calibrating a color sensing ambient light sensor,

comprising:

for each of a plurality of ambient light source lighting types, measuring
color coordinates for each of multiple ambient light sources with a reference spectrometer
and gathering sensor data from the color sensing light sensor while the color sensing ambient
light sensor is exposed to ambient light from each of the multiple ambient light sources of
that ambient light source lighting type; and

processing the gathered sensor data and the measured color coordinates
to produce a plurality of color converting matrices, each color converting matrix

corresponding to a respective one of the plurality of ambient light source lighting types.

26. The method defined in claim 25 wherein processing the gathered
sensor data and the measured color coordinates comprises multiplying a color coordinate
matrix that contains the measured color coordinates and a pseudoinverse of a sensor spectral

response matrix associated with the color sensing ambient light sensor.

27. A color sensing ambient light sensor for a portable electronic device
having a display with a color that is adjusted based on color measurements from the color
sensing ambient light sensor, comprising:

a semiconductor substrate; and

at least five visible light detectors in the semiconductor substrate, each
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having a different spectral sensitivity profile, wherein at least one of the five visible light
detectors has a spectral sensitivity profile that matches a standard observer color matching
function and wherein at least one of the five visible light detectors has a spectral sensitivity

profile that does not match a standard observer color matching function.

28. The color sensing ambient light sensor defined in claim 27 further

comprising an infrared light sensor in the semiconductor substrate.

29. The color sensing ambient light sensor defined in claim 27 wherein the

visible light detectors include a red light detector that measures infrared light.
30. The color sensing ambient light sensor defined in claim 27 wherein

each of the visible light detectors is formed from first and second portions on opposing sides

of a shared central point.
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BoxNo.ll Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. |:| Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. |:| Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribad requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No.lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This Internaticnal Searching Authority found multiple inventions in this international application, as follows:

see additional sheet

—_

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. m No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-18, 27-29

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:l No protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-18, 27-29

A color sensing ambient light sensor having at Teast five
light detectors having a respective spectral sensitivity
profile which is preferably used to match a CIE standard
observer.

1.1. claims: 12-16

A color sensing ambient light sensor comprising a light
redirection structure, in particular a diffuser having a
Lambertian scattering profile.

1.2. claims: 17, 18

A color sensing ambient light sensor wherein control
circuitry is configured to identify a light source type
using a colour converting matrix.

1.3. claims: 28, 29

A color sensing ambient light sensor comprising an IR
detector.

2. claims: 19-24, 30

A color sensing ambient light sensor wherein a common
centric layout is used, preferably with pairs or portions of
detectors

3. claims: 25, 26

A method of calibrating a color sensing ambient Tight sensor
by measuring a number of ambient light sources with a
reference spectrometer.
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