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SYSTEMS AND METHODS FOR REDUCING EFFECTS OF INTERFERENCE IN
INPUT DEVICES

PRIORITY DATA

[0001] This application claims priority to United States Utility Patent Application Serial
No. 13/603,756, filed September 5, 2012, which is incorporated herein by reference.

FIELD OF THE INVENTION

[0002] This invention generally relates to electronic devices, and more specifically

relates to input devices.

BACKGROUND OF THE INVENTION

[0003] Input devices including proximity sensor devices (also commonly called
touchpads or touch sensor devices) are widely used in a variety of electronic systems. A
proximity sensor device typically includes a sensing region, often demarked by a surface, in
which the proximity sensor device determines the presence, location and/or motion of one or
more input objects. Proximity sensor devices may be used to provide interfaces for the
electronic system. For example, proximity sensor devices are often used as input devices
for larger computing systems (such as opaque touchpads integrated in, or peripheral to,
notebook or desktop computers, or as transparent sensor devices integrated with display

screens to provide a touch screen interface).

[0004] Many proximity sensor devices use capacitive techniques to sense input objects.
Such proximity sensor devices may typically incorporate either profile capacitive sensors or
capacitive image sensors. Capacitive profile sensors alternate between multiple axes (e.g., x
and y), while capacitive image sensors scan multiple transmitter rows to produce a more
detailed capacitive "image" of "pixels" associated with an input object. While capacitive
image sensors are advantageous in a number of respects, some implementations may be

particularly vulnerable to various types of interference, including various types of noise.

[0005] Interference can originate from various sources, including display backlights,

power supplies, wireless communication devices and the like. Although many sensors now
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include filtering that can effectively remove many types of interference, problems remain in
identifying and/or removing some types of interference. One type of interference that may
be problematic in some proximity sensor devices is referred to as “unison noise”. One
typical source for unison noise in some sensor devices is a nearby display screen, such as a

liquid crystal display (LCD) used in many touch screen implementations.

[0006] In general, unison noise is a type of interference that is relatively spatially
uniform over the sensing region, but varies nearly randomly over time. Specifically,
because many image type sensor devices receive signals on a row-by-row or column-by-
column basis, with each row or column receiving signals at different moments in time, each
row or column in the sensor data can be uniformly shifted up or down by random amounts.
This results in row-to-row or column-to-column variations that can negatively impact the

performance of an image proximity sensor device.

[0007] Thus, while capacitive image proximity sensor devices are advantageous in a
number of respects, there is a continuing need to improve the performance of such devices.
For example, to improve the responsiveness of such sensors, or to improve the sensor’s

resistance to various types of interference, including various types of unison noise.

[0008] Other desirable features and characteristics will become apparent from the
subsequent detailed description and the appended claims, taken in conjunction with the

accompanying drawings and the foregoing technical field and background.
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BRIEF SUMMARY OF THE INVENTION

[0009] The embodiments of the present invention provide devices and methods that
facilitate improved input device performance. Specifically, the devices and methods
provide improved resistance to the effect of interference on input devices, and in particular,
to the effect of unison noise on proximity sensors that use capacitive techniques to generate
images of sensor values. The devices and methods provide improved resistance to the
effects of interface by using images of sensor values and one or more profiles of sensor
values. An image of sensor values is combined with one or more profiles of sensor values
to produce a modified image of sensor values, the modified image having reduced errors due
to noise. This reduction in errors due to noise can improve the accuracy and performance of

the input device.

[0010] In one embodiment, a processing system is provided for an input device having a
plurality of sensor electrodes, where the processing system comprises a sensor module and a
determination module. The sensor module comprises sensor circuitry configured to operate
the plurality of sensor electrodes to capture first resulting signals and second resulting
signals. The determination module is configured to generate a first image of sensor values
from the first resulting signals, where the first image of sensor values has first errors
associated with the first resulting signals being captured at different times along a first axis.
The determination module is further configured to generate a first profile of sensor values
from the second resulting signals, where the first profile of sensor values has second errors.
The determination module is further configured to produce a modified image of sensor
values based on the first image of sensor values and the first profile of sensor values, the
modified image of sensor values having reduced errors compared with the first errors. By
providing a modified image having reduced errors, the processing system provides
improved resistance to the effect of interference, and in particular, to the effect of unison

noise, and thus can provide improved performance for the input device.

[0011] In another embodiment, an input device comprises a plurality of sensor
electrodes configured to capacitively detect input objects in a sensing region and a
processing system operatively coupled to the plurality of sensor electrodes. The processing
system is configured to operate the plurality of sensor electrodes to capture first resulting
signals and second resulting signals. The processing system is further configured to

gencrate a first image of sensor values from the first resulting signals, where the first image
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of sensor values has first errors associated with the first resulting signals being captured at
different times along a first axis. The processing system is further configured to generate a
first profile of sensor values from the second resulting signals, where the first profile of
sensor values has second errors. The processing system is further configured to produce a
modified image of sensor values based on the first image of sensor values and the first
profile of sensor values, the modified image of sensor values having reduced errors
compared with the first errors. By providing a modified image having reduced errors, the
input device thus provides improved resistance to the effect of interference, and in
particular, to the effect of unison noise, and thus can provide improved performance for the

input device.

BRIEF DESCRIPTION OF DRAWINGS

[0012] The preferred exemplary embodiment of the present invention will hereinafter be
described in conjunction with the appended drawings, where like designations denote like

elements, and:

[0013] FIG. 1 is a block diagram of an exemplary system that includes an input device

in accordance with an embodiment of the invention;

[0014] FIGS. 2A and 2B are block diagrams of sensor electrodes in accordance with

exemplary embodiments of the invention;

[0015] FIGS. 3A-3E are graphical representations of exemplary images and profiles of

sensor values;

[0016] FIG. 4 is a conceptual block diagram depicting a processing system in

accordance with an embodiment of the invention; and

[0017] FIG 5 is a graphical representation of an exemplary modified image of sensor

values in accordance with an embodiment of the invention.
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DETAILED DESCRIPTION OF THE INVENTION

[0018] The following detailed description is merely exemplary in nature and is not
intended to limit the invention or the application and uses of the invention. Furthermore,
there is no intention to be bound by any expressed or implied theory presented in the

preceding technical field, background, brief summary, or the following detailed description.

[0019] Various embodiments of the present invention provide input devices and methods
that facilitate improved usability. FIG. 1 is a block diagram of an exemplary input device
100, in accordance with embodiments of the invention. The input device 100 may be
configured to provide input to an electronic system (not shown). As used in this document,
the term “electronic system” (or “electronic device™) broadly refers to any system capable of
electronically processing information. Some non-limiting examples of electronic systems
include personal computers of all sizes and shapes, such as desktop computers, laptop
computers, netbook computers, tablets, web browsers, e-book readers, and personal digital
assistants (PDAs). Additional example electronic systems include composite input devices,
such as physical keyboards that include input device 100 and separate joysticks or key
switches. Further example electronic systems include peripherals such as data input devices
(including remote controls and mice), and data output devices (including display screens and
printers). Other examples include remote terminals, kiosks, and video game machines (e.g.,
video game consoles, portable gaming devices, and the like). Other examples include
communication devices (including cellular phones, such as smart phones), and media
devices (including recorders, editors, and players such as televisions, set-top boxes, music
players, digital photo frames, and digital cameras). Additionally, the electronic system

could be a host or a slave to the input device.

[0020] The input device 100 can be implemented as a physical part of the electronic
system, or can be physically separate from the electronic system. As appropriate, the input
device 100 may communicate with parts of the electronic system using any one or more of
the following: buses, networks, and other wired or wireless interconnections. Examples

include I°C, SPL, PS/2, Universal Serial Bus (USB), Bluetooth, RF, and IRDA.

[0021] In FIG. 1, the input device 100 is shown as a proximity sensor device (also often

referred to as a “touchpad” or a “touch sensor device”) configured to sense input provided
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by one or more input objects 140 in a sensing region 120. Example input objects include

fingers and styli, as shown in FIG. 1.

[0022] Sensing region 120 encompasses any space above, around, in and/or near the input
device 100 in which the input device 100 is able to detect user input (e.g., user input
provided by one or more input objects 140). The sizes, shapes, and locations of particular
sensing regions may vary widely from embodiment to embodiment. In some embodiments,
the sensing region 120 extends from a surface of the input device 100 in one or more
directions into space until signal-to-noise ratios prevent sufficiently accurate object
detection. The distance to which this sensing region 120 extends in a particular direction, in
various embodiments, may be on the order of less than a millimeter, millimeters,
centimeters, or more, and may vary significantly with the type of sensing technology used
and the accuracy desired. Thus, some embodiments sense input that comprises no contact
with any surfaces of the input device 100, contact with an input surface (e.g. a touch
surface) of the input device 100, contact with an input surface of the input device 100
coupled with some amount of applied force or pressure, and/or a combination thereof. In
various embodiments, input surfaces may be provided by surfaces of casings within which
sensor electrodes reside, by face sheets applied over the sensor electrodes or any casings,
etc. In some embodiments, the sensing region 120 has a rectangular shape when projected

onto an input surface of the input device 100.

[0023] The input device 100 utilizes capacitive sensing to detect user input in the
sensing region 120. To facilitate capacitive sensing, the input device 100 comprises one or

more sensing electrodes for detecting user input.

[0024] Some implementations are configured to provide images that span one, two,
three, or higher dimensional spaces. Some implementations are configured to provide

projections of input along particular axes or planes.

[0025] In some capacitive implementations of the input device 100, voltage or current is
applied to create an clectric field. Nearby input objects cause changes in the clectric field,
and produce detectable changes in capacitive coupling that may be detected as changes in

voltage, current, or the like.

[0026] Some capacitive implementations utilize arrays or other regular or irregular

patterns of capacitive sensing elements to create electric fields. In some capacitive
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implementations, separate sensing elements may be ohmically shorted together to form
larger sensor electrodes. Some capacitive implementations utilize resistive sheets, which

may be uniformly resistive.

[0027] In accordance with the embodiments described herecin, the input device is
configured to utilize “transcapacitive” sensing methods. Transcapacitive sensing methods,
sometimes referred to as “mutual capacitance”, are based on changes in the capacitive
coupling between sensor electrodes. In various embodiments, an input object near the
sensor electrodes alters the electric field between the sensor electrodes, thus changing the
measured capacitive coupling. In one implementation, a transcapacitive sensing method
operates by detecting the capacitive coupling between one or more transmitter sensor
electrodes (also “transmitter electrodes” or “transmitters”) and one or more receiver sensor
clectrodes (also “receiver electrodes” or “receivers”). Transmitter sensor electrodes may be
modulated relative to a reference voltage (e.g., system ground) to transmit transmitter
signals. Receiver sensor clectrodes may be held substantially constant relative to the
reference voltage to facilitate receipt of resulting signals. A resulting signal may comprise
effect(s) corresponding to one or more transmitter signals, one or more conductive input
objects, and/or to one or more sources of environmental interference (e.g. other
electromagnetic signals). Sensor electrodes may be dedicated transmitters or receivers, or

may be configured to both transmit and receive.

[0028] In contrast, absolute capacitance sensing methods, sometimes referred to as “self
capacitance”, are based on changes in the capacitive coupling between sensor electrodes and
an input object. In various embodiments, an input object near the sensor electrodes alters
the electric field near the sensor electrodes, thus changing the measured capacitive coupling.
In one implementation, an absolute capacitance sensing method operates by modulating
sensor electrodes with respect to a reference voltage (e.g. system ground) to generate
resulting signals on the sensor electrodes. In this case, the resulting signals received on a
sensor clectrode are gencrated by the modulation of that same sensor electrode. The
resulting signals for absolute capacitive sensing thus comprise the effects of modulating the
same sensor electrode, the effects of proximate conductive input objects, and the effects of
and/or to one or more sources of environmental interference. Thus, by analyzing the
resulting signals on the sensor electrodes the capacitive coupling between the sensor

clectrodes and input objects may be detected.
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[0029] Notably, in transcapacitive sensing the resulting signals corresponding to each
transmission of a transmitter signal are received on different sensor electrodes than the
transmitter electrode used to transmit. In contrast, in absolute capacitive sensing each
resulting signal is received on the same electrode that was modulated to genecrate that

resulting signal.

[0030] In FIG. 1, processing system 110 is shown as part of the input device 100. The
processing system 110 is configured to operate the hardware of the input device 100 to
detect input in the sensing region 120. The processing system 110 comprises parts of or all
of one or more integrated circuits (ICs) and/or other circuitry components. For example, as
described above, the processing system 110 may include the circuit components for
operating the plurality of sensor electrodes to capture first resulting signals and second

resulting signals as part of a transcapacitive sensing technique.

[0031] In some embodiments, the processing system 110 also comprises electronically-
readable instructions, such as firmware code, software code, and/or the like. In some
embodiments, components composing the processing system 110 are located together, such
as near sensing element(s) of the input device 100. In other embodiments, components of
processing system 110 are physically separate with one or more components close to
sensing element(s) of input device 100, and one or more components clsewhere. For
example, the input device 100 may be a peripheral coupled to a desktop computer, and the
processing system 110 may comprise software configured to run on a central processing unit
of the desktop computer and one or more ICs (perhaps with associated firmware) separate
from the central processing unit. As another example, the input device 100 may be
physically integrated in a phone, and the processing system 110 may comprise circuits and
firmware that are part of a main processor of the phone. In some embodiments, the
processing system 110 is dedicated to implementing the input device 100. In other
embodiments, the processing system 110 also performs other functions, such as operating

display screens, driving haptic actuators, etc.

[0032] The processing system 110 may be implemented as a set of modules that handle
different functions of the processing system 110. Each module may comprise circuitry that
is a part of the processing system 110, firmware, software, or a combination thereof. In
various embodiments, different combinations of modules may be used. Example modules

include hardware operation modules for operating hardware such as sensor electrodes and
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display screens, data processing modules for processing data such as sensor signals and
positional information, and reporting modules for reporting information. Further example
modules include sensor operation modules configured to operate sensing element(s). In
accordance with the embodiments described herein, the sensor module may be configured to
operate the plurality of sensor electrodes to capture first resulting signals and second
resulting signals. A further example includes determination modules, where the
determination module is configured to generate a first image of sensor values from the first
resulting signals, where the first image of sensor values has first errors associated with the
first resulting signals being captured at different times along a first axis. The determination
module may be further configured to generate a first profile of sensor values from the
second resulting signals. The determination module may be further configured to produce a
modified image of sensor values based on the first image of sensor values and the first
profile of sensor values, the modified image of sensor values having reduced errors

compared with the first errors.

[0033] In some embodiments, the processing system 110 responds to user input (or lack of
user input) in the sensing region 120 directly by causing one or more actions. Example
actions include changing operation modes, as well as GUI actions such as cursor movement,
selection, menu navigation, and other functions. In some embodiments, the processing
system 110 provides information about the input (or lack of input) to some part of the
clectronic system (e.g. to a central processing system of the electronic system that is
separate from the processing system 110, if such a separate central processing system
exists). In some embodiments, some part of the electronic system processes information
received from the processing system 110 to act on user input, such as to facilitate a full

range of actions, including mode changing actions and GUI actions.

[0034] For example, in some embodiments, the processing system 110 operates the
sensing element(s) of the input device 100 to produce electrical signals indicative of input
(or lack of input) in the sensing region 120. The processing system 110 may perform any
appropriate amount of processing on the electrical signals in producing the information
provided to the electronic system. For example, the processing system 110 may digitize
analog electrical signals obtained from the sensor electrodes. As another example, the
processing system 110 may perform filtering or other signal conditioning. As yet another
example, the processing system 110 may subtract or otherwise account for a baseline, such

that the information reflects a difference between the electrical signals and the baseline. As
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yet further examples, the processing system 110 may determine positional information,
recognize inputs as commands, recognize handwriting, and the like. In one embodiment,
processing system 110 includes a determination module configured to determine positional

information for an input device based on the measurement.

[0035] “Positional information” as used herein broadly encompasses absolute position,
relative position, velocity, acceleration, and other types of spatial information. Exemplary
“zero-dimensional” positional information includes near/far or contact/no contact
information. Exemplary “one-dimensional” positional information includes positions along
an axis. Exemplary “two-dimensional” positional information includes motions in a plane.
Exemplary “three-dimensional” positional information includes instantaneous or average
velocities in space. Further examples include other representations of spatial information.
Historical data regarding one or more types of positional information may also be
determined and/or stored, including, for example, historical data that tracks position,

motion, or instantancous velocity over time.

[0036] In some embodiments, the input device 100 is implemented with additional input
components that are operated by the processing system 110 or by some other processing
system. These additional input components may provide redundant functionality for input
in the sensing region 120, or some other functionality. FIG. 1 shows buttons 130 near the
sensing region 120 that can be used to facilitate selection of items using the input device
100. Other types of additional input components include sliders, balls, wheels, switches,
and the like. Conversely, in some embodiments, the input device 100 may be implemented

with no other input components.

[0037] In some embodiments, the input device 100 comprises a touch screen interface,
and the sensing region 120 overlaps at least part of an active area of a display screen. For
example, the input device 100 may comprise substantially transparent sensor electrodes
overlaying the display screen and provide a touch screen interface for the associated
electronic system. The display screen may be any type of dynamic display capable of
displaying a visual interface to a user, and may include any type of light emitting diode
(LED), organic LED (OLED), cathode ray tube (CRT), liquid crystal display (LCD),
plasma, electroluminescence (EL), or other display technology. The input device 100 and
the display screen may share physical elements. For example, some embodiments may

utilize some of the same electrical components for displaying and sensing. As another

10
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example, the display screen may be operated in part or in total by the processing system

110.

[0038] As will be described in greater detail below, such display screens can be a source
of interference for the input device 100. Specifically, in some embodiments the display
screen can be a source of unison noise that may interference with the input device. In some
applications shielding may be provided to reduce the effects of the unison noise on the input
device 100. For example, with one or more electrical shield layers provided between the
display screen and the electrodes. In such cases the electrical shield layer may be driven to

a suitable shielding potential.

[0039] However, in some embodiments it may be desirable to implement the input
device 100 with no electrical shield layer between the sensor electrodes and the display and
associated display circuitry. This will naturally result in the sensor electrodes being
subjected to more interference from the display screen. However, the embodiments
described herein provide the ability to reduce the effects of unison noise, and thus may be
used to reduce the need for such a shield layer. This can reduce the cost and complexity of

the input device 100, as well as the stack height needed for the input device 100.

[0040] It should be understood that while many embodiments of the invention are
described in the context of a fully functioning apparatus, the mechanisms of the present
invention are capable of being distributed as a program product (e.g., software) in a variety
of forms. For example, the mechanisms of the present invention may be implemented and
distributed as a software program on information bearing media that are readable by
electronic processors (e.g., non-transitory computer-readable and/or recordable/writable
information bearing media readable by the processing system 110). Additionally, the
embodiments of the present invention apply equally regardless of the particular type of
medium used to carry out the distribution. Examples of non-transitory, electronically
readable media include various discs, memory sticks, memory cards, memory modules, and
the like. Electronically readable media may be based on flash, optical, magnetic,

holographic, or any other storage technology.

[0041] In accordance with various embodiments of the invention, the input device 100 is
configured with the processing system 110 coupled to a plurality of capacitive sensor

electrodes (not shown in FIG. 1). In general, the input device 100 is configured to have

11
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improved resistance to the effect of interference, and in particular, to the effect of unison
noise on the input device 100. To facilitate this, the processing system 110 combines

images of sensor values, where the images of sensor values are captured at different times
along an axis, with profiles of sensor values. Processing system 110 combines the images of
sensor values with the profiles of sensor values to produce modified images of sensor
values, the modified images having reduced errors due to noise. This reduction in errors due

to noise can improve the accuracy and performance of the input device 100.

[0042] In one embodiment, the processing system 110 is configured to operate the
plurality of sensor electrodes to capture first resulting signals and second resulting signals.
For example, the first resulting signals can be generated and captured for transcapacitive
sensing, while the second resulting signals are generated and captured for absolute
capacitive sensing. The processing system 110 is further configured to generate a first
image of sensor values from the first resulting signals, where the first image of sensor values
has first errors associated with the first resulting signals being captured at different times
along a first axis. The processing system 110 is further configured to generate a first profile
of sensor values from the second resulting signals, where the first profile of sensor values
has second errors. The processing system 110 is further configured to produce a modified
image of sensor values based on the first image of sensor values and the first profile of
sensor values, the modified image of sensor values having reduced errors compared with the
first errors. By providing a modified image having reduced errors, the input device 100 thus
provides improved resistance to the effect of interference, and in particular, to the effect of

unison noise, and thus can provide improved performance for the input device 100.

[0043] As was described above, the processing system 110 is coupled to sensor
electrodes to determine user input. Specifically, the processing system operates by detecting
the capacitive coupling between one or more transmitter sensor electrodes and one or more
receiver sensor electrodes. Turning now to FIG. 2, these figures conceptually illustrate
exemplary sets of capacitive sensor electrodes configured to sense in a sensing region.
Specifically, FIG. 2A shows electrodes 200 in a rectilincar arrangement, while FIG. 2B
shows electrodes 225 in a radial/concentric arrangement. However, it will be appreciated
that the invention is not so limited, and that a variety of clectrode shapes and arrangements

may be suitable in any particular embodiment.

12
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[0044] Turning now to FIG. 2A, in the illustrated embodiment the capacitive sensor
clectrodes 200 comprise first sensor electrodes 210 and second sensor electrodes 220.
Specifically, in the illustrated embodiment, the first sensor electrodes 210 comprise six
electrodes 210-1 to 210-6, and the second sensor electrodes 220 comprise six electrodes
220-1 to 220-6. Each of the first sensor electrodes 210 is arranged to extend along a second
axis. Specifically, each first sensor electrode 210 has a major axis that extends along the
second axis. It should also be noted that the first sensor electrodes 210 are distributed in an
array, with each of the first sensor electrodes 210 positioned a distance from adjacent first

sensor electrodes 210 and corresponding to a different position in the first axis.

[0045] Likewise, each of the second sensor electrodes 220 is arranged to extend along a
first axis, where the first and second axes are different axis. Specifically, each second
sensor electrode 220 has a major axis that extends along the first axis. It should also be
noted that the second sensor electrodes 220 are distributed in an array, with each of the
second sensor electrodes 220 positioned a distance from adjacent second sensor electrodes

220 and corresponding to a different position in the second axis.

[0046] Sensor electrodes 210 and 220 are typically ohmically isolated from each other.
That is, one or more insulators separate sensor electrodes 210 and 220 and prevent them
from electrically shorting to each other. In some embodiments, sensor electrodes 210 and
220 are separated by insulative material disposed between them at cross-over areas; in such
constructions, the sensor electrodes 210 and/or sensor electrodes 220 may be formed with
jumpers connecting different portions of the same electrode. In some embodiments, sensor
electrodes 210 and 220 are separated by one or more layers of insulative material. In some
other embodiments, sensor clectrodes 210 and 220 are separated by one or more substrates;
for example, they may be disposed on opposite sides of the same substrate, or on different
substrates that are laminated together. The capacitive coupling between the transmitter
electrodes and receiver electrodes change with the proximity and motion of input objects in

the sensing region associated with the transmitter electrodes and receiver electrodes.

[0047] In transcapacitive sensing, the sensor pattern is “scanned” to determine the
capacitive couplings between transmitter and receiver electrodes. That is, the transmitter
electrodes are driven to transmit transmitter signals and the receiver electrodes are used
acquire the resulting signals. The resulting signals are then used to determine measurements

of the capacitive couplings between electrodes, where each capacitive coupling between a

13



WO 2014/039559 PCT/US2013/058067

transmitter electrode and a receiver electrode provides one “capacitive pixel”. A set of
measured values from the capacitive pixels form a “capacitive image” (also commonly
referred to as a “capacitive frame”™) representative of the capacitive couplings at the pixels.
Multiple capacitive images may be acquired over multiple time periods, and differences
between them used to derive information about input in the sensing region. For example,
successive capacitive images acquired over successive periods of time can be used to track

the motion(s) of one or more input objects entering, exiting, and within the sensing region.

[0048] In absolute capacitive sensing, the sensor electrodes 210 and/or 220 are
modulated to determine the capacitive couplings between the sensor electrodes and any
proximate conductive objects. That is, electrodes are modulated to generate resulting
signals. Notably, and in contrast with transcapacitive sensing, in absolute capacitive sensing
cach resulting signal is received on the same electrode that was modulated to generate that
resulting signal. Typically, such modulation is done simultaneously for each profile. For
example, electrodes 210 may be modulated to generate resulting signals, and those resulting
signals are received on electrodes 210. In such an example, the modulation of electrode
210-1 would generate a resulting signal that is received on the same electrode 210-1.
Furthermore, the electrodes 210-1 to 210-6 would typically be modulated simultaneously,
such that resulting signals would be received on electrodes 210-1 to 210-6 simultaneously.
The resulting signals received on electrodes 210-1 to 210-6 could then be used to generate a
first profile of sensor values. In the illustrated example, such a profile would generally be
referenced to as an X or horizontal profile, as such values could be used to determine the

horizontal position of an object in the sensing region.

[0049] Likewise, in absolute capacitive sensing the electrodes 220-1 to 220-6 could also
be modulated simultancously, such that resulting signals would be received on electrodes
220-1 to 220-6 simultaneously. The resulting signals received on electrodes 220-1 to 220-6
could then be used to generate a second profile of sensor values. In the illustrated example,
such a profile would generally be referenced to as a Y or vertical profile, as such values
could be used to determine the vertical position of an object in the sensing region. As will
be described in greater detail below, such first profiles and second profiles of sensor values
may be used to reduce the effects of interference, namely by using the profile(s) to produce

modified images of sensor values with reduced errors.
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[0050] Next, it is important to note that the electrodes 210 and 220 each have a major
axis length that extends across the sensing region, with the electrodes 210 each extending in
the direction of the second axis, and with the electrodes 220 each extending in the direction
of the first axis. When operated to use absolute capacitive sensing the resulting signals are
each indicative of proximity of objects to an entire major axis length of a corresponding
capacitive sensing electrode. Taken together, these signals provide a “profile” that may be
analyzed determine the presence and location of objects in the sensing region. Examples of
such profiles are shown in FIGS. 3B, 3D and 3E, and will be described in greater detail
below. In contrast, when operated to use transcapacitive sensing the resulting signals are
cach indicative of proximity of objects to only the specific crossing points of the
corresponding transmitter and receiver sensing electrode. Taken together, these signals
provide an “image” that may be analyzed determine the presence and location of objects in
the sensing region. Examples of such images are shown in FIGS. 3A and 3C, and will be

described in greater detail below.

[0051] In accordance with the embodiments described hercin the clectrodes 200 are
configured to be operated to generate first and second resulting signals. Specifically, the
electrodes 200 are operated to generate a first image of sensor values from the first resulting
signals, and gencrate a first profile of sensor values from the from the second resulting
signals. As described above, the first image of sensor values are generated by selectively

transmitting transmitter signals and receiving resulting signals with the electrodes.

[0052] In such transmitting and receiving, the resulting signals are captured as sets, with
each set captured substantially simultaneously, and each set corresponding to a different
position along one of the axes. For example, the first resulting signals may be captured as
sets, with each set corresponding to a different position along the first axis, and each set
being captured at a different time. This can be accomplished by capturing the first resulting
signals on a set by set basis with sensor electrodes 220. In this example, the first resulting
signals are generated on a “column-by-column” basis to generate the first image of sensor
values. Alternatively, the first resulting signals may be captured as sets, with each set
corresponding to a different position along the second axis, and each set being captured at a
different time. This can be accomplished by capturing the first resulting signals on a set by
set basis with sensor electrodes 210. In this example, the first resulting signals are generated

on a “row-by-row” basis to generate the first image of sensor values.
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[0053] Thus, the first image of sensor values can be captured on a “row-by-row” or
“column-by-column” basis. It should be noted that in some applications the device would
be configured to generate images using only “row-by-row” or “column-by-column”
techniques. However, in other embodiments the devices may be implemented to generate
first images using both techniques, for example, in an alternating manner, or switching

based on some criteria.

[0054] Likewise, the first profile of sensor values can comprise either a vertical or
horizontal profile. In one embodiment, one profile of sensor values (either vertical or
horizontal) is generated and used to modify one image of sensor values (either “row-by-
row” or “column-by-column™) to generate each modified image of sensor values. Thus, for
cach image of sensor values that is to be generated one profile of sensor values is generated.
Alternatively, multiple profiles of sensor values can be used to generate each modified
image of sensor values. For example, a single “row-by-row” or “column-by-column”
generated image can be modified using both a vertical profile of sensor values and a
horizontal profile of sensor values to generate a modified image. In general, using multiple
profiles to generate the modified image improves the reconstruction quality in the modified
image. Specifically, averaging those multiple profiles can result in less noise in the
averaged profiles and as a consequence, less noise in the modified image. Furthermore,
motion artifacts can be reduced using a sequence of multiple profiles to generate the

modified image.

[0055] In general, if a single profile of sensor values is used to modify each image then
the profile of sensor values should extend across the same direction as the axis the image
was captured at different times along. Thus, if an image was captured on a column-by-
column basis then a horizontal profile would be used to produce the modified image.
Conversely, if an image was captured on a row-by-row basis than a vertical profile would be

used to generate the modified image.

[0056] A first detailed example of generating a first image of sensor values and a first
profile of sensor values will now be given with reference to FIG.2A. In this first detailed
example the first resulting signals are generated on a “column-by-column” basis to generate
the first image of sensor values, with the first resulting signals are captured substantially
simultaneously, but at different times along the first axis. Specifically, each column of

resulting signals is captured at a different time, and taken together are used to generate the
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first image of sensor values. In the embodiment of FIG. 2A, a transmitter signal may be
transmitted with electrode 210-1, and first resulting signals captured with each of the
receiver electrodes 220-1 to 220-6, where each first resulting signal comprises effects of the
first transmitter signal. These six first resulting signals comprise a set (corresponding to a
column) of first resulting signals that may be used to generate the first image of sensor
values. Specifically, from each of these six first resulting signals provides a capacitive
measurement that corresponds to a pixel in the first capacitive image, and together the six

pixels make up a column in the first capacitive image.

[0057] Another transmitter signal may then be transmitted with electrode 210-2, and
again first resulting signals may then be captured with each of the receiver electrodes 220-1
to 220-6. This comprises another column of first resulting signals that may be used to
generate the first image. This process may be continued, transmitting from electrodes 210-
3, 210-4, 210-5 and 210-6, with ecach transmission generating another column of first
resulting signals until the complete first image of sensor values is generated. It should be
noted that the first resulting signals that make up each column are captured substantially
simultaneously, but that different columns correspond to different positions along the first
axis and are captured at different times. As was described above, and will be described in
greater detail below, the effects of unison noise are such that first errors may be introduced
by unison noise that are associated with these sets of first resulting signals being captured at

different times along the first axis.

[0058] The first profile of sensor values may likewise be generated by modulating the
sensor electrodes and receiving resulting signals. Specifically, in this example, the first
profile of sensor values may be produced by modulating the electrodes 210-1 to 210-6. In
such an example, the modulation of electrode 210-1 would generate a resulting signal that is
received on the same electrode 210-1. And likewise, with electrodes 210-2 to 210-6, with
each electrode being modulated to produce a corresponding resulting signal. Furthermore, it
should be noted that electrodes 210-1 to 210-6 would typically be modulated
simultaneously, such that resulting signals would be received on electrodes 210-1 to 210-6
simultaneously. The resulting signals received on electrodes 210-1 to 210-6 could then be
used to generate a first profile of sensor values. Finally, it should be noted that the effects of
unison noise are such that the resulting first profile of sensor values may include second

CITOorS.
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[0059] As noted above the first errors are associated with the column-by-column
capturing resulting signals to generate the first image of sensor values. In contrast, the first
profile of sensor values are generated simultaneously. However, the first profile of sensor
values will still be subjected to unison noise, and thus will include second errors associated
with the unison noise. However, because the profile is generated simultaneously, the entire
profile will be offset by the same random amount due to the unison noise, in the same way
each column or row in an image is offset in the same amount. Thus, the second errors in the

profile will be substantially consistent across the profile.

[0060] In accordance with this embodiment, the first image of sensor values generated
by transmitting transmitter signals with electrodes 210 and receiving resulting signals with
electrodes 220 is combined with the first profile of sensor values generated by modulating
the electrodes 210 to produce a modified image of sensor values having reduced errors.
Again, it should be noted that this is an example where a single profile is used to produce a
modified image from each image of sensor values. In other embodiments multiple profiles
could be used, including using both a vertical profile and a horizontal profile to produce

each modified image from each image of sensor values.

[0061] In such an example where both a horizontal and vertical profile are used, the
modulation of electrodes 210-1 to 210-6 would be used to generate a first set of second
resulting signals that are used to generate a horizontal profile. Again, in such an
embodiment the electrodes 210-1 to 210-6 would typically be modulated simultaneously,
such that resulting signals would be received on electrodes 210-1 to 210-6 simultaneously.
Likewise, the modulation of electrodes 220-1 to 220-6 would be used to generate a second
set of second resulting signals that are used to generate a vertical profile. Again, in such an
embodiment the electrodes 220-1 to 220-6 would typically be modulated simultaneously,

such that resulting signals would be received on electrodes 220-1 to 220-6 simultanecously.

[0062] Finally, it should be noted that whether one or two profiles are used to modify
each image of sensor values that such profiles can be generated relatively quickly compared
to the time needed to generate an entire image of sensor values. Thus, the profiles may be
gencrated and used to produce the modified image without excessive requirements of

sensing time.
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[0063] A second detailed example of generating a first image of sensor values and a first
profile of sensor values will now be given with reference to FIG.2A. In this example, the
first resulting signals are be generated on a “row-by-row” basis to generate the first image of
sensor values, with the first resulting signals captured substantially simultaneously, but at
different times along the second axis. Specifically, each row of resulting signals is captured
at a different time, and taken together are used to generate the image of sensor values.
Again, in the embodiment of FIG. 2A, a transmitter signal may be transmitted with
electrode 220-1, and first resulting signals captured with each of the receiver electrodes 210-
1 to 210-6, where each first resulting signal comprises effects of the transmitter signal.
These six first resulting signals comprise a set (corresponding to a row) of first resulting
signals that may be used to generate the first image of sensor values. Specifically, each of
these six first resulting signals provides a capacitive measurement that corresponds to a
pixel in the first capacitive image, and together the six pixels make up a row in the first

capacitive image.

[0064] Another transmitter signal may then be transmitted with electrode 220-2, and
again first resulting signals may then be captured with each of the receiver electrodes 210-1
to 210-6. This comprises another row of first resulting signals that may be used to generate
the first image. This process may be continued, transmitting from electrodes 220-3, 220-4,
220-5 and 220-6, with each transmission generating another row of first resulting signals
until the complete first image of sensor values is generated. It should be noted again that the
first resulting signals that make up each row are captured substantially simultaneously, but
that different rows correspond to different positions along the second axis, and the different
rows are captured at different times. As was described above, and will be described in
greater detail below, the effects of unison noise are such that errors may be introduced that
are associated with the first resulting signals being captured at different times along the

second axis.

[0065] In this second detailed example the first profile of sensor values may then be
generated by modulating the sensor electrodes and receiving resulting signals. Specifically,
in this example, the first profile of sensor values is produced by modulating the electrodes
220-1 to 220-6. In such an example, the modulation of electrode 220-1 would generate a
resulting signal that is received on the same electrode 220-1. And likewise, with electrodes
220-2 to 220-6, with each electrode being modulated to produce a corresponding resulting

signal. Furthermore, it should be noted that electrodes 220-1 to 220-6 would be modulated
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simultaneously, such that resulting signals would be received on electrodes 220-1 to 220-6
simultaneously. The resulting signals received on electrodes 220-1 to 220-6 could then be
used to generate a first profile of sensor values. Finally, it should be noted that the effects of
unison noise are such that the resulting first profile of sensor values may include second
errors. Again, such a first profile of sensor values will still be subjected to unison noise, and
thus will include second errors associated with the unison noise. However, because the
profile is generated simultaneously, the entire profile will be offset by the same random
amount due to the unison noise, in the same way each column or row in an image is offset in
the same amount. Thus, the second errors in the profile will be substantially consistent

across the profile.

[0066] In this second example, the first image of sensor values generated by transmitting
transmitter signals with electrodes 220 and receiving resulting signals with electrodes 210 is
combined with the first profile of sensor values generated by modulating the electrodes 220
to produce a modified image of sensor values having reduced errors. Again, it should be
noted that this is an example where a single profile is used to produce a modified image
from each image of sensor values. In other embodiments multiple profiles could be used,
including using both a vertical profile and a horizontal profile to produce each modified

image from each image of sensor values.

[0067] Next, it should be noted that in the examples described above the resulting
signals for the first image and first profile are described as being captured in an alternating
manner. Specifically, in the first example the six “column” resulting signals are captured
with electrodes 220-1 to 220-6 for the first image, and the six second resulting signals are
then received simultaneously with electrodes 210-1 to 210-6 for the first profile. Likewise,
in the second example, the six “row” resulting signals are captured with electrodes 210-1 to
210-6 for the first image, and the six second resulting signals are then received
simultaneously with electrodes 220-1 to 220-6 for the first profile. Thus, complete images
are generated before the profile is generated. However this is just one example of how such

images may be generated.

[0068] As another example, the resulting signals for the first images may be captured in
an interleaving manner with resulting signals for the first profile. This may be done by
capturing only a select number of the resulting signals for the first image, and then capturing

the resulting signal for the first profile and/or the second profile, and then capturing the
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remaining resulting signals for the first image. Additionally, profiles may be generated
between every row or column in the image, or after a set number of rows or columns in the
image. For example, in an image with 16 columns, a profile could be generated after every
4 columns. Likewise, in an image with 9 rows, a profile could be generated after every 3
rows. In such examples these techniques may provide better resistance to motion artifacts

with proper algorithms and other benefits.

[0069] Turning now to FIGS. 3A and 3B, graphical representations of an exemplary first
capacitive image 300 and an exemplary first capacitive profile 302 are illustrated. In FIG.
3A, the magnitudes of the sensor values in the image 300 are represented in greyscale, with
larger magnitudes appearing as lighter in shade. In FIGS. 3B, the profile of values is a
horizontal profile, with the magnitudes of the sensor values are represented in as Y
magnitude. In the example of FIGS. 3A, an input object such as a finger is present in the
sensing region, as indicated by the relatively lighter area near the center of the image 300.
FIG. 3A also shows an example of the effects of unison noise on the accuracy of the
capacitive images. Specifically, although unison noise is substantially spatially uniform
over the sensing region, it varies in time. Thus, when the electrodes are selectively driven to
transmit and capture resulting signals on a column-by-column and row-by-row basis each of
the resulting columns and rows of resulting signals will likely be affected by a different
amount of unison noise. This varying amount of noise in each column and row results can
cause “offsets” and other errors in the generated capacitive images. Examples of such
unison noise generated errors can be seen as the vertical banding in FIG. 3A. This vertical
banding results from the offsets in the column-by-column captured resulting signals, and is
an example of the first errors that may be found in a first image. As described above, one
possible source for such unison noise is a nearby display, such as a liquid crystal display

(LCD).

[0070] The first profile of sensor values illustrated in FIG. 3B would likewise be
affected by unison noise. However, in this case because the entire profile is generated
simultaneously, the entire profile will be offset by the same random amount due to the
unison noise, in the same way each column or row in an image is offset in the same amount.

Thus, the second errors in the profile will be substantially consistent across the profile.

[0071] Turning now to FIGS. 3C, 3D and 3E, graphical representations of an exemplary

first capacitive image 304, an exemplary first capacitive profile 306, and an exemplary
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second capacitive profile 308 are illustrated. Again, in FIGS. 3C, the magnitudes of the
sensor values in the image 304 are represented in greyscale, while FIG. 3D illustrates a
vertical profile of sensor values 306, with the magnitudes of the sensor values represented as
X magnitude, and FIG. 3E illustrates horizontal profile of sensor values 308, with the
magnitudes of the sensor values are represented in as Y magnitude. FIG. 3C also shows an
example of the effects of unison noise on the accuracy of the capacitive images.
Specifically, FIG. 3C shows horizontal banding that can result from unison noise in the row-
by-row captured resulting signals. And again, the first capacitive profile 306 and second
capacitive profile 308 would also be affected by unison noise. However, in this case
because the entire profile is generated simultaneously, the value in the profiles will be offset

by the same random amount due to the unison noise.

[0072] As will be described below, the various embodiments described herein
provide techniques to reduce the effects of such banding by generating modified images
from such images and one or more profiles of sensor values. Thus, a modified image
having reduced errors can be generated from the capacitive image 300 and the capacitive
profile 302. Such a modified image would have reduced vertical banding compared to the
image 300. Similarly, a modified image having reduced errors can be generated from an
image and multiple profiles, such as capacitive image 304 and capacitive profiles 306 and
308. Such a modified image would have reduced horizontal banding compared to image
304. In either case, the various embodiments can be used to facilitate touch screen devices
that use such displays, and more particularly can be used to facilitate such devices without

requiring the need for shielding between such displays and the sensor electrodes.

[0073] Returning briefly to FIG. 2A, it should be noted that in some embodiments
described above the sensor electrodes 210 and 220 are both configured to be selectively
operated as receiver electrodes and transmitter electrodes, and selectively operated for
absolute capacitive sensing. Thus, the sensor electrodes 210 may be operated as transmitter
electrodes while the sensor electrodes 220 are operated as receiver electrodes to generate the
first image of sensor values. Likewise, the sensor electrodes 220 may be operated as
transmitter electrodes while the sensor electrodes 210 are operated as receiver electrodes to
gencrate images to genecrate the first image sensor values. Additionally, the sensor
electrodes 210 may be modulated to produce the first and/or second profile of sensor values.
Finally, the sensor electrodes 220 may be modulated to produce the first and/or second

profile of sensor values. Such an embodiment where the same electrodes function as both
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transcapacitive and absolute capacitive electrodes, and/or as both transmitter and receiver
electrodes, may provide an advantage in that it does not require additional electrodes to
generate both the images and profiles. This can reduce the complexity and cost to form the
clectrodes and thus can reduce the cost of the input device. However, it should be noted that
this is just one example, and that in other embodiments each of the electrodes are not used
as both absolute and transcapacitive electrodes. In such embodiments two substantially

overlapped arrays of electrodes can be used instead.

[0074] It should next be noted again that while the embodiment illustrated in FIG. 2A
shows sensor electrodes arranged in a rectilinear grid, that is this is just one example
arrangement of the electrodes. In another example, the electrodes may be arranged to
facilitate position information determination in polar coordinates (e.g., », ®). Turning now
to FIG. 2B, capacitive sensor electrodes 225 in a radial/concentric arrangement are
illustrated. Such electrodes are examples of the type that can be used to determine position

information in polar coordinates.

[0075] In the illustrated embodiment, the first sensor electrodes 230 comprise 12
electrodes 230-1 to 230-12 that are arranged radially, with each of the first sensor electrodes
230 starting near a center point and extending in different radial directions outward. In the
illustrated embodiment the second sensor electrodes 240 comprise four electrodes 240-1 to
240-4 that are arranged in concentric circles arranged around the same center point, with
each second sensor electrode 240 spaced at different radial distances from the center point.
So configured, the first sensor electrodes 230 and second sensor electrodes 240 can be used

to generate images and profiles of sensor values. .

[0076] Referring now to the conceptual block diagram depicted in FIG. 4, one
embodiment of an exemplary processing system 110 as shown in FIG. 1 may include a
system 400. System 400, as illustrated, generally includes sensor module 410
communicatively coupled via a set of sensor electrodes (or simply "electrodes™) 405, to
determination module 420. In one specific embodiment, for example, the sensor electrodes

405 are implemented as described above in connection with FIG. 2A or 2B.

[0077] Sensor module 410 may include any combination of hardware and/or software
configured to operate the sensor electrodes. For example, by selectively modulating some
portion of electrodes 405 and selectively receiving resulting signals with the same portion of

electrodes 405 for absolute capacitive sensing. And, as another example, by selectively

23



WO 2014/039559 PCT/US2013/058067

transmitting signals with some portion of the electrodes 405 and selectively receiving
resulting signals with some portion of the electrodes 405. In these embodiments the sensor
module 410 may be determined to provide the transmitter signals in a variety of formats.
For example, the transmitter signals may comprise any one of a sinusoidal waveform, square
waveform, triangular waveform, sawtooth waveform or the like. The transmitter signals
may also transmitted in different signal sidebands or in different phases, or in different

combinations thereof.

[0078] In the illustrated embodiment, determination module 420 includes any
combination of hardware and/or software configured to receive the resulting signals from
sensor module 410 and generate images and profiles of sensor values. Specifically, to
receive first resulting signals and to generate a first image of sensor values 425. As
described above, these resulting signals can be received on a set-by-set basis, where, for
example each set corresponds to a column or row of pixels in the images of sensor values.
Due to the effects of unison noise and the set by set basis in which the first resulting signals
are received, the first image of sensor values 425 can have associated first errors. Likewise,
the sensor module is configured to receive sensor resulting signals and to generate a first
profile of sensor values 427. In other embodiments the sensor module is configured to

generate a second profile of sensor values (not shown in FIG. 4).

[0079] The determination module 420 also includes any combination of hardware and/or
software configured to genecrate a modified image of sensor values 429 based on the first
image of sensor values 425 and the first profile of sensor values 427, the modified image of
sensor values 429 generated to have reduced errors compared with the associated first errors
in the first image 425. In other embodiments, the determination module 420 may include
any combination of hardware and/or software configured to generate a modified image of
sensor values 429 based on the first image of sensor values 425, the first profile of sensor
values 427, and a second profile of sensor values (not shown in FIG. 4). Again, such a
modified image of sensor values 429 is generated to have reduced errors compared with the

associated first errors in the first image 425.

[0080] According to these various embodiments, the reduced errors may be associated
with a global error, a local error, or an aggregated error of image sensor values. From the
modified image 429 the determination module can determine positional information for

input objects in the sensing region using any suitable technique. For example, by generating
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multiple modified images 425 over time and appropriately analyzing the modified images
429, the positions and/or motions of one or more input objects can be determined and used

to generate appropriate responses on an associated electronic device.

[0081] Turning now to FIGS. 5, a graphical representation of an exemplary modified
capacitive image 502 is illustrated. Again, in FIG. 5 the magnitudes of the sensor values are
represented in grey scale, with larger magnitudes appearing as lighter in shade. Again, in
the example of FIG. 5, an input object such as a finger is present in the sensing region, as

indicated by the relatively lighter area near the center of images.

[0082] As can be seen in a comparison of FIG. 5 with FIGS. 3A and 3C, the modified
capacitive image 502 has much reduced unison noise caused errors. That is, the modified
image 502 has either reduced vertical and horizontal banding compared to that shown in
FIGS. 3A and 3C. Thus, the modified image may be more reliably used to determine

positional information for input objects in the sensing region.

[0083] Returning to FIG. 4, the determination module 420 can be configured to produce
the modified image of sensor values 429 using a variety of different techniques. In general,
the techniques are implemented to use information from the first image 425 and first profile
427 to reduce the error in the modified image 429. In other embodiments, information for a
second profile is additional used. In either embodiment, these techniques modify the sensor
values in the images in a way that reduces the error in each of the pixels of the image. In
one specific example, the technique is implemented to modify the sensor values in a way

that produces a modified image 429 with a reduced error.

[0084] As one example, the determination module 420 can be configured to produce the
modified image of sensor values 429 using least mean squares of the first errors in the first
image and the second errors in the first profile. Specifically, the determination module 420
can be configured to modify the sensor values in a way that minimizes the least mean
squares of the errors. This would result in a reduced error in the resulting modified image

429.

[0085] As another example, the determination module can be configured to produce the
modified image of sensor values 429 using a gradient descent approach. In this example,

the determination module 429 is configured to minimize the first errors and second errors by
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determining the gradient of the errors and taking iterative steps proportional to the negative
of the gradient. In a further embodiment, the determination module 429 is configured to
minimize the first errors and second errors by determining where the partial differential

equations of the first and second errors are equal to zero.

[0086] As another example, the determination module 420 can be configured to
produce the modified image of sensor values 429 using deconvolution values stored in a
memory. As one example, a matrix of deconvolution values is implemented in the
determination module 420. This deconvolution matrix allows the determination module 420
to use the first image and the profile(s) to deconvolve the effects of the unison noise from
the true sensor values. So implemented, the deconvolution matrix is used to produce a
modified image of sensor values 429 when inputted with the first image of sensor values

425 and first profile of sensor values 427.

[0087] As described above, the sensor values in the first image 425 are all affected by
either column-by-column errors or row-by-row errors. Each value in each row or column of
values is thus shifted by the same random offset value. The deconvolution matrix is
configured to reduce those offsets by “aligning” the images 425 with the profile 427 (and in
some cases a second profile). This is done by an optimization process during which the

alignment error is reduced.

[0088] In a simplified example, images are 2x2, that is with four pixels, and profiles are
1x2, with two values The four sensor values for the four pixels in the first image and the

two sensor values in the first profile can be represented as:

‘4 B .
c D (D

H

[0089] Where A, B, C, and D are the true sensor values in the first image, unaffected by

the unison noise, and E and F are the true sensor values in the first profile, again unaffected
by the unison noise. It is A, B, C, and D values that are to be determined to produce the

modified image. In this example, the first image has two rows captured sequentially, with
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the effects of unison noise such that the two rows are shifted with the offsets o, f.

Likewise, the first profile is read simultancously with the effects of the effects of unison
noise such that the two values in the first profile are shifted with the same offset amount.

This leads to the following equations:

A" =A4+a B" =B+«
c?"=c+p D"=D+p
E'=E+¢ F =F+¢
E+A4A+B F=C+D

2)

[0090] Where A7, B”, ¢, and D" are the measured sensor values in the first image,
including the effects of the unison noise, and £ "and F” are the measured sensor values in
the first profile, again including the effects of the unison noise. Thus, for this simple case
there are eight linear equations with nine unknowns (four actual image sensor values, two
profile values, and three offsets). One more equation is needed to be able to solve the
system of equations (i.e., to perform the “regularization” of the linear system). In this case,
the noise can be assumed to have zero average, and thus the ninth equation can be expressed

as a + f#+ ¢ =0. These nine equations can expressed in matrix form as:

1 0 0 01 0 o4 [4”]
01001 0O0|B| |B”
001001 0|C| |c”
000101 0|D|=|D" 3)
110000 1|al| |E
0011 00T1|8| |F
00001 1 1)g| |0]

As will be described in greater detail below, in this example the solution of the linear system
(also called the deconvolution matrix) may be obtained by multiplying the inverse matrix of

the linear system the read data vector.

[0091] A more detailed example will now be described. In this example, a first image of
sensor values and a first profile of sensor values are used to generate the modified image of

sensor values. In this example, the first image and first profile can be modeled as
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H, = ZP +a,Vi @

p" —P +c,,Vi, j

where PZ-]-(V) is the value of a sensor value pixel captured for a column in the first image, P; is
the true pixel value, ¢; is the error associated with all pixels captured for a column in the first
image, H; is the value of a sensor value in the first profile (in this example a horizontal
profile), and « is the error associated with the sensor values in the first profile. In this

example, the total error to be reduced can be represented as:
N- 1 2
B +a (5)
j=0

[0092] In particular, P, +c¢, - P(V) gives the error for a sensor value pixel in the first

<

P(V)]2 +

j=0 =0 i

I
(=4

image and F, +a—H, gives the sensor value in the first profile. For example, P;V) is the

value measured value of a pixel and F, + ¢, are the components of the pixel value due to the

N-1M-1

true value of the pixel and the error. The portion of the equation, [ ] is a summation
=0 7

E

.
I
=]

of the errors for all of the pixels for both the first image and the first profile.

[0093] Partial differential equations of the error are used to determine points having

minimum errors;

9E _ovi i 2EZ0.%E _o,vi (6)
oP, da 0

i

The three equations from (6) give:

N-1

o —O:>[P +¢,—P|+| Y P+a—H, |=0,Yi,;
6P j=0 !
E M-1| N-1
8—:0:2{ Pl.j+a—Hl1=0 (7
oa i=0 | =0

N-1
%E _o= [U.+cl. B |=0,Vi
805 Jj=0
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Which can be written as:

N-

v ..
P+> P +a+c,=P" +H,Vi,j
7=0

=

—1M-1 -1
P +Ma=Y H, (8)
i=0 =

]

(=4

.,

=

l

L

N-1
P, +Nc,=> P Vi
=0

(=4

S~

[0094] In matrix format, the three equations (8) can be written as:

Ry +H,
21 1 1 1 0 ofR, | B+,
o0 P +H
1 21 10 1 0P, MO
11 2 1 0 0 1|P,.
M-1,0 Po(j)'i'HO
P+ H.
21 1 1 1 0 0|P oo
O B +H,
1 21 1 0 1 0|~
11 2 1 0 0 1|P, '
Y| BT H,
21 1 1 1 0 0 P B+ H,
o P+ Hy
1211 0 1 0]P,, i
11 21 0 0 1 |P v, ZOIH]
11 1 11 1 111 M 0 0 0|a 8
P v
1 00 1 00 1 000 N O 0]c =
010 .010..0100 0 N OJ¢ S R0
0 0 1 00 1 0010 0 0 Ne, i ’
RO,
L/=0 i
)

[0095] To solve equation (9) one more equation is needed. It can be safely assumed that
that the noise (c¢,) will have a zero average. Since (c,) can be modeled as random

variables:
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b

¢, =0 (10)

i
o

[0096] With the supposition (10) the matrix equation (9) can be written as (11) below:

R+ H,
_ _ )
21 1 .. 1 1 0 0] _ PZ%(OV)*HZ'
121 10 1 o ot i
P
11 2 1 0 0 1 |
PM—I,O Po(,j) +H,
A
21 1 1 1 0 0 B'gV)*Hf
1 21 . 10 1 0% Biay T
P
11 2 .. 1 0 0 1 | ™ v
By, P()(,N)—l +H,
o
2111 1 0 0f7 Foa + 8y
1211 0 1 o] Bt Hy
P M-1
11 21 0 0 1| ™ D H,
P =0
11 1 111 111 M 0 0 0f ™M |»m
a ZP(V)
1 00 1 00 1 000 N O O v
. -
01 0 01 0 01 00 0 N O]° fP(”
C. i
0 0 1 0 0 1 0010 0 0 N|° =
C =
000 .000..0000 1 1 1] S p)
L - M-1,j
=0
(11)

[0097] In equation (11) there are more equations than unknowns. Thus, the values may
be determined using a suitable technique, such as a least squares mean. Specifically,

equations (11) can be represented as

AX=B (12)

[0098] In such a representation as equation (12), the matrix A provides the model,
matrix X contains the modified sensor values with reduced effects of unison noise to be

calculated, and matrix B includes values generated from the measured sensor values in the
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first image and first profile. The matrix X containing the modified sensor values can be

solved as:

X=[(ATA)'ATIB (13)

[0099] In equation (13) the matrix (ATA)'A" is an example of a deconvolution matrix
that can be used to determine the sensor values in the modified image from the measured
sensor values stored in matrix B. Finally, it should be noted that matrix B contains the sums
of the first image plus a first profile. There is thus no requirement to store multiple images

to generate the modified image, instead only a first image and a first profile need be stored.

[00100] Such a deconvolution matrix can be calculated during the design and
implementation of the determination module 420. Typically, the deconvolution matrix
would be calculated during design and used to generate hardware, firmware and/or software
that perform the calculation in the determination module 420. So implemented, the
processing system 400 can be used to reduce the effects of unison noise on the performance

of the input device.

[00101] In the example of Equations 4-13, a first image and a first profile is used to
generate each modified image. As was described above, this is just one example. In a
second example, a first image, a first profile, and a second profile are used to generate cach
modified image. In this example, the first image, first profile and second profile can be

modeled as

M (14)
( jj+b vj

where PZ-]-(V) is the value of a sensor value pixel captured for a column in the first image, Py is
the true pixel value, ¢; is the error associated with all pixels captured for a column in the first

image. H; is the value of a sensor value in the first profile (in this example a horizontal
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profile), and a is the error associated with the sensor values in the first profile. V; is the value
of a sensor value in the second profile (in this example a vertical profile), and b is the error
associated with the sensor values in the second profile. In this example, the total error to be

reduced can be represented as:

[00102] Partial differential equations of the error are used to determine points having

minimum errors:

8—E=O,Vz',j,a—E=O,8—E=0,8—E=O,Vi (16)
OP. oa ob oc.

i i

The three equations from (16) give:

aE N-1 M-1
Z _o=[p -0 TR, [+a-H, +( P, |+b-V, |=0,vi,j

7=0

oF, =0
M-1| [ N-1

%E_o= > {Zejjm—ﬂl} =0

aa =0 j=0

Which can be written as:
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M- N-1

_ p®) .

P,+Y P+> P +a+b+c, =P +H +V, Vi,j
=0 =0

g
<
J’_
S
I
=

NI M- N1 (18)
D> P+Nb=>7,
j=0 =0 j=0
N- N-
B, +Ne¢, =) B, Vi
j=0 7=0

[00103] In matrix format, the equations (18) can be written as:

[ p)
Po,o +H0+V0
P +H +V,

311 ..100 ..100 1 1 1 Th, P o+ Hy  +V,
131 .. 1 1 11 1 P,
113 ..001 ..001 1 1 1 | Brio BY +H,+V,

e
P +H +V,
)
Py, +Hy +V,

7)

IJO,N—I +H, ot VN—I
)

P’M1 +H.+V,

i

(V)
1 PO,N—I Py vt Hy +Vy,

M-

1 I)z',N—I H.
P 2

<
—
—
wo
<
<
—
—
—
—
™
T
i

—_= = s o
—_——= s = D
—_——= = s D

—_= = s o
—_——= s = D
—_——= = s D

—_ = = = = )
_ e =y =
_ = = =

A S
SRS -
S~
Sz o oo
> o o o o =

S
DINMITMZ AL
2
=3

(19)

[00104] To solve equation (19) one more equation is needed. It can be safely assumed

that that the noise (¢, ) will have a zero average. Since (¢,) can be modeled as random

variables:
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M-1

> =0 (20)

i=!

[00105] With the supposition (20) the matrix equation (19) can be written as (21) below:

B +H,+V, |
P +H +V,
311 .1 00 .1 001 1 1 p - PA(JI/;)I,0+HM—1+VO
1 31 1 1o 1 1 1 P°’°
113 ..001 ..001 1 1 1 Pf’O P, +7,
U s pl<]V) +H,+V,
1 o0 ..311 ..10%0 1 1 1 P PA(II/;)I,j-"_HM—lJ'_Vj
1 0 1 31 01 0 1 1 1 P°f
ij
0 113 .001 1 1 1 P 13()<‘1’le+ Hy+Vy,
7 IDZ(II\;ZI + Hz' + VN—I
1 0 0 1 0 0 311 1 1 1 - = P+ Hoy 4V
01 0 01 0 1 31 1 1 1 PO”H MfH
0 0 1 0 0 1 11 3 1 1 I —
111 111 111 Mo o0 o ofPa] |8
a 2
111 111 111 0 N 0 0 0 ) 0
(
1 1 1 0 0 N0 0} 2By
1 1 1 0 0 0 N 0° -
1 1 1 0 0 0 0 N|© 2By
Cira 70
0 0 0 0 0 0 000 0 0 1 1 1/ 4 v
L - P(V)
M-1,j
j=0
(21)

[00106] In equation (21) there are more equations than unknowns. Thus, the values may
be determined using a suitable technique, such as a least squares mean. Specifically,

equations (21) can be represented as

AX=B (22)

[00107] Again, in such a representation as equation (22), the matrix A provides the
model, matrix X contains the modified sensor values with reduced effects of unison noise to

be calculated, and matrix B includes values generated from the measured sensor values in
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the first image and first profile. The matrix X containing the modified sensor values can be

solved as:

X=[(ATA)'A"IB (23)

[00108] In equation (23) the matrix (A"A)'A" is again an example of a deconvolution
matrix that can be used to determine the sensor values in the modified image from the
measured sensor values B. Finally, it should be noted that matrix B contains the sums of the
first image plus a first profile and a second profile. There is thus no requirement to store
multiple images to generate the modified image, instead only a first image two profiles need

be stored.

[00109] Again, such a deconvolution matrix can be calculated during the design and
implementation of the determination module 420. Typically, the deconvolution matrix
would be calculated during design and used to generate hardware, firmware and/or software
that perform the calculation in the determination module 420. So implemented, the
processing system 400 can be used to reduce the effects of unison noise on the performance

of the input device.

[00110] Thus, the embodiments of the present invention provide devices and methods
that facilitate improved input device performance. Specifically, the devices and methods
provide improved resistance to the effect of interference on input devices, and in particular,
to the effect of unison noise on proximity sensors that use capacitive techniques to generate
images of sensor values. The devices and methods provide improved resistance to the
effects of interface by using images and profiles of sensor values. The multiple images and
profiles of sensor values are combined to produce a modified image of sensor values, the
modified image having reduced errors due to noise. This reduction in errors due to noise

can improve the accuracy and performance of the input device.

[00111] In another embodiment an input device is provided that comprises a first
plurality of first sensor electrodes, each of the first plurality of first sensor electrodes
arranged to extend in a first axis; a second plurality of second sensor electrodes, each of the
second plurality of second sensor electrodes arranged to extend in a second axis

substantially perpendicular to the first axis, where the first plurality of first sensor electrodes
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and the second plurality of second sensor electrodes are configured to capacitively detect
input objects in a sensing region; a processing system operatively coupled to the first
plurality of first sensor electrodes and the second plurality of second sensor electrodes, the
processing system configured to: selectively transmit transmitter signals with the first
plurality of first sensor electrodes; selectively modulate the first plurality of first sensor
electrodes; selectively capture first resulting signals with the second plurality of second
sensor electrodes, wherein the first resulting signals comprise effects corresponding to the
first transmitter signals, and wherein the first resulting signals are captured on a set by set
basis with each set corresponding to one of the first plurality of first sensor electrodes and
cach of the second plurality of second sensor electrodes, and where each set is captured
substantially simultaneously; and selectively capture second resulting signals with the first
plurality of first sensor electrodes, wherein the second resulting signals comprise effects
corresponding to the selective modulating of the first plurality of first sensor electrodes; and
gencrate a first image of sensor values from the first resulting signals, the first image of
sensor values having first errors associated with unison noise and the set by set basis in
which the first resulting signals are captured, the first errors having a corresponding first
global error; generate a first profile of sensor values from the second resulting signals;
generate a modified image of sensor values based on the first image of sensor values and the
first profile of sensor values, the modified image of sensor values generated to have a
reduced global error compared to the first global error; and determine positional
information for an input object in the sensing region based on the modified image of sensor

values.

[00112] Thus, the embodiments and examples set forth herein were presented in order to
best explain the present invention and its particular application and to thereby enable those
skilled in the art to make and use the invention. However, those skilled in the art will
recognize that the foregoing description and examples have been presented for the purposes
of illustration and example only. The description as set forth is not intended to be

exhaustive or to limit the invention to the precise form disclosed.
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What is claimed is:

1. A processing system for an input device having a plurality of sensor electrodes, the

processing system comprising:

a sensor module comprising sensor circuitry configured to operate the plurality
of sensor electrodes to capture first resulting signals and second resulting

signals; and

a determination module configured to:

generate a first image of sensor values from the first resulting signals,
the first image of sensor values having first errors associated with the
first resulting signals being captured at different times along a first

axis;

generate a first profile of sensor values from the second resulting
signals, the first profile of sensor values each corresponding to a

different point along the first axis and having second errors; and

produce a modified image of sensor values based on the first image of
sensor values and the first profile of sensor values, the modified
image of sensor values having reduced errors compared with the first

CITors.

2. The processing system of claim 1 wherein the processing system is further configured

to:
operate the plurality of sensor electrodes to capture third resulting signals;

generate a second profile of sensor values from the third resulting signals, the second
profile of sensor values each corresponding to a different point along a second axis,

wherein the second axis is different from the first axis; and

wherein the determination module is configured to produce the modified image of

sensor values further based on the second profile of sensor values.
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3. The processing system of claims 1 or 2 wherein the processing system is configured to:

capture the first resulting signals by selectively transmitting first transmitter signals with
first sensor electrodes in the plurality of sensor electrodes and selectively receiving the
first resulting signals with second sensor electrodes in the plurality of sensor electrodes,
wherein the first resulting signals comprise effects corresponding to the first transmitter

signals; and

capture the second resulting signals by selectively modulating the first sensor electrodes
to produce the second resulting signals on the first sensor electrodes, wherein the second

resulting signals comprise effects corresponding to the modulating.

4. The processing system of claims 1, 2 or 3 wherein a first set of the first resulting signals
corresponds to a column in the first image of sensor values and is captured substantially
simultaneously, and wherein the second resulting signals corresponds to a horizontal

profile and is captured substantially simultaneously.

5. The processing system of claim 1, 2, or 3 wherein a first set of the first resulting signals
corresponds to a row in the first image of sensor values and is captured substantially
simultaneously, and wherein the second resulting signals corresponds to a vertical

profile and is captured substantially simultaneously.

6. The processing system of claim 1, 2, 3, 4 or 5 wherein the sensor module is configured
to operate the plurality of sensor electrodes to capture the first resulting signals and the

second resulting signals by:

capturing the first resulting signals and the second resulting signals in an

interleaved manner.
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7.

10.

11.

The processing system of claim 1, 2, 3, 4 or 5 wherein the sensor module is configured
to operate the plurality of sensor electrodes to capture the first resulting signals and the

second resulting signals by:

capturing the first resulting signals and the second resulting signals in an

alternating manner.

The processing system of claim 1, 2, 3,4 or 5 wherein the determination module is
configured to produce the modified image of sensor values based on the first image of

sensor values and the first profile of sensor values by:

using least mean squares of the first errors and the second errors.

The processing system of claim 1, 2, 3,4 or 5 wherein the determination module is
configured to produce the modified image of sensor values based on the first image of

sensor values and the first profile of sensor values by:

using a gradient descent approach.

The processing system of claim 1, 2, 3, 4 or 5, further comprising a memory
configured to store deconvolution values, wherein the determination module is
configured to produce the modified image of sensor values based on the first image of

sensor values and the first profile of sensor values by:

using the deconvolution values stored in the memory.

An input device comprising:

a plurality of sensor electrodes configured to capacitively detect input objects in a

sensing region;

a processing system operatively coupled to the plurality of sensor electrodes, the

processing system configured to:

39



WO 2014/039559 PCT/US2013/058067

operate the plurality of sensor electrodes to capture first resulting signals and

second resulting signals;

generate a first image of sensor values from the first resulting signals, the first
image of sensor values having first errors associated with the first resulting

signals being captured at different times along a first axis;

generate a first profile of sensor values from the second resulting signals, the
first profile of sensor values each corresponding to a different point along the

first axis and having second errors;

produce a modified image of sensor values based on the first image of sensor
values and the first profile of sensor values, the modified image of sensor

values having reduced errors compared with the first errors.

12. The input device of claim Error! Reference source not found. wherein the processing

system is further configured to:
operate the plurality of sensor electrodes to capture third resulting signals;

generate a second profile of sensor values from the third resulting signals, the second
profile of sensor values each corresponding to a different point along a second axis,

wherein the second axis is different from the first axis; and

wherein the processing system is configured to produce the modified image of sensor

values further based on the second profile of sensor values.

13. The input device of claim Error! Reference source not found. or 12 wherein

the processing system is configured to:
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capture the first resulting signals by selectively transmitting first transmitter signals with
first sensor electrodes in the plurality of sensor electrodes and selectively receiving the
first resulting signals with second sensor electrodes in the plurality of sensor electrodes,
wherein the first resulting signals comprise effects corresponding to the first transmitter

signals; and

capture the second resulting signals by selectively modulating the first sensor electrodes
to produce the second resulting signals on the first sensor electrodes, wherein the second

resulting signals comprise effects corresponding to the modulating.

14. The input device of claim Error! Reference source not found., 12, or 13 wherein the
plurality of sensor electrodes comprise first sensor electrodes extending along a second
axis different from the first axis and second sensor electrodes extending along the first
axis, and wherein the first resulting signals are received on the second sensor electrodes

and the second resulting signals are received on the first sensor electrodes.

15. The input device of claim Error! Reference source not found., 12, 13 or 14
wherein the processing system is configured to operate the plurality of sensor

electrodes to capture the first resulting signals and the second resulting signals by:

capturing the first resulting signals and the second resulting signals in an

interleaved manner.

16. The input device of claim Error! Reference source not found., 12, 13 or 14
wherein the processing system is configured to operate the plurality of sensor

electrodes to capture the first resulting signals and the second resulting signals by:

capturing the first resulting signals and the second resulting signals in an

alternating manner.
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17.

18.

19.

20.

The input device of claim Error! Reference source not found., 12, 13 or 14
wherein the processing system is configured to produce the modified image of sensor

values based on the first image of sensor values and the first profile of sensor values by:

using least mean squares of the first errors and the second errors.

The input device of claim Error! Reference source not found., 12, 13 or 14
wherein the processing system is configured to produce the modified image of sensor

values based on the first image of sensor values and the first profile of sensor values by:

using a gradient descent approach.

The input device of claim Error! Reference source not found., 12, 13 or 14,
wherein the processing system further comprises a memory configured to store
deconvolution values, wherein the processing system is configured to produce the
modified image of sensor values based on the first image of sensor values and the first

profile of sensor values by:

using the deconvolution values stored in the memory.

A method of determining input in an input device, the method comprising:

operating a plurality of sensor electrodes to capture first resulting signals and

second resulting signals;

generating a first image of sensor values from the first resulting signals, the
first image of sensor values having first errors associated with the first resulting

signals being captured at different times along a first axis;

generating a first profile of sensor values from the second resulting signals, the
first profile of sensor values each corresponding to a different point along the

first axis and having second errors;
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producing a modified image of sensor values based on the first image of sensor
values and the first profile of sensor values, the modified image of sensor

values having reduced errors compared with the first errors; and

determining positional information for an input object based on the modified

image of sensor values.

21. The method of claim Error! Reference source not found. further comprising:
operating the plurality of sensor electrodes to capture third resulting signals;

generating a second profile of sensor values from the third resulting signals, the second
profile of sensor values each corresponding to a different point along a second axis,

wherein the second axis is different from the first axis; and

wherein the producing the modified image of sensor values further comprises using the

second profile of sensor values to produce the modified image of sensor values.

22. The method of claim Error! Reference source not found. or 21 wherein the
operating the plurality of sensor electrodes to capture the first resulting signals and the

second resulting signals comprises:

capturing the first resulting signals by selectively transmitting first transmitter signals
with first sensor electrodes in the plurality of sensor electrodes and selectively receiving
the first resulting signals with second sensor electrodes in the plurality of sensor
electrodes, wherein the first resulting signals comprise effects corresponding to the first

transmitter signals; and

capturing the second resulting signals by selectively modulating the first sensor
clectrodes to produce the second resulting signals on the first sensor electrodes, wherein

the second resulting signals comprise effects corresponding to the modulating,
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23. The method of claim Error! Reference source not found., 21 or 22 wherein the
operating the plurality of sensor electrodes to capture the first resulting signals and the

second resulting signal comprises:

capturing the first resulting signals and the second resulting signals in an

interleaved manner.

24, The method of claim Error! Reference source not found., 21 or 22 wherein
the operating the plurality of sensor electrodes to capture the first resulting signals and

the second resulting signal comprises:

capturing the first resulting signals and the second resulting signals in an

alternating manner.

25. The method of claim Error! Reference source not found., 21, 22, 23 or 24
wherein the producing the modified image of sensor values based on the first image of

sensor values and the first profile of sensor values comprises:

using least mean squares of the first errors and the second errors.

26. The method of claim Error! Reference source not found., 21, 22, 23 or 24
wherein the producing the modified image of sensor values based on the first image of

sensor values and the first profile of sensor values comprises:

using a gradient descent approach.

27. The method of claim Error! Reference source not found., 21, 22, 23 or 24
wherein the producing the modified image of sensor values based on the first image of

sensor values and the first profile of sensor values comprises:

using deconvolution values.
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