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(57) Abstract: This disclosure generally provides an
input device that includes a plurality of sensor mod-
ules coupled to sensor electrodes arranged in a matrix
that measure capacitive sensing signals corresponding
to the electrodes. To mitigate the eftect of capacitive
coupling between a sensor electrode being sensed and
its neighbors in the matrix, the input device drives the
neighboring electrodes in a same manner as the selec-
ted sensor electrode so that there is little or no voltage
difference between the sensor electrode being sensed
and its neighbors. For example, during a drive phase,
the electrode being sensed and the neighboring elec-
trodes are coupled to the same charge voltage. During
a read phase, the neighboring electrodes and the selec-
ted electrode may be coupled to the same reference
voltage - e.g., ground - so there is again no voltage dif-
ference between the electrodes.
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ACTIVE MATRIX CAPACITIVE SENSOR FOR COMMON-MODE
CANCELLATION

FIELD OF THE INVENTION

[0001] This invention generally relates to slectronic devices.

BACKGROUND

[0002] Input devices including proximity sensor devices (alsc 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, ofien
demarked by a surface, in which the proximily sensor device determines the
presence, location and/or motion of one or more input objects. In one example, the
sensing region includes sensing electrodes used i{o measure changes in
capacitance resuiting from an input object (e.q., a finger or stylus) interacting with
the sensing region. However, common mode coupling due to capacitance between
a sensing electrode and neighboring sensing electrodes can interfere with
measuring capacitance values between the sensing elecirode and the input object.
in addition, the input device may have parasitic capacitances corresponding (o an
cutput line used to drive signals on the sensing electrode which can be orders of
magnitude larger than the capacitance between the sensing electrode and the input
object. The effects of the common mode coupling and the parasitic capacitance
make measuring the smaller capacitance between the sensing elecirode and the

input object more difficult.

BRIEF SUMMARY OF THE INVENTION

[6003] One embodiment described herein is a processing system for performing
capacitive sensing. The processing system includes selection iogic configured to
apply, during a first time period, a charging voliage 1o a first sensor electrode and a
second sensor elechrode where the second sensor elecirode neighbors the first

sensor electrode in a sensor electrode matrix.  The processing system includes a
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sensor circuit configured to measure, during a second time period, a first charge
stored on the first sensor electrode resulling from applving the charging voitage
where the selection logic is configured to bias the second sensor electrode 10 a

reference voliage during the second time period.

[0004] Anocther embodiment described herein is an input device that includes a
plurality of sensor electrodes arranged in a matrix. The input device includes a
processing system configured to apply, during a first time period, a charging voltage
to a first sensor electrode and a second sensor electrode neighboring the first
sensor electrode in the matrix, measure, during a second time period, a first charge
stored on the first sensor electrode resulting from applying the charging voltage,
and bias the second sensor elecirode to a reference vollage during the second time

period.

[0005] Another embodiment described herein is a method for performing
capacitive sensing. The method includes applving, during a first time pericd, a
charging vollage to a first sensor slectrode and o a second sensor electrede
neighboring the first sensor electrode in a sensor electrode maltrix, measuring,
during a second time period, a first charge stored on the first sensor electrode
resulting from applying the charging voltage, and biasing the second sensor

slectrode to a reference vollage during the second time period.

[00086] Anocther embodiment described herein is an input device that includes a
plurality of sensor electrodes arranged in a matrix. The inpul device includes first
and second row select lines selectively coupling first and second sensor electrodes
in the matrix to a first data line. The input device also includes a processing sysiem
configured to apply, during a first ime period, a charging voltage to the first sensor
electrode using the first data line, apply, during the first lime period, the charging
voliage 0 a third sensor electrode in the matrix using a second data ling, and
measure, during a second time period, a charge stored on the first sensor electrods
resulting from applying the charging voltage using the first data line where the
second sensor electrode and third sensor electrode are electrically floating during

the second time period.
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BRIEF DESCRIPTION OF DRAWINGS

{8007 An exemplary embodiment of the present invention will hereinafiter be
describad in conjunction with the appended drawings, where like designations

denote like elements, and:

[6008] Figure 1 is a block diagram of an exemplary system that includes an input

device in accordance with an embodiment of the invention;

{0009] Figure 2 is input device that includes a matrix sensor arrangement in

accordance with an embodiment of the invention;

0010} Figure 3 Hlustrales a sensor layout for delecting an input cohiect in

accordance with an embodiment of the invention;

{00113 Figure 4 illustrates a sensor module for delecting an input object in

accordance with an embodiment of the invention;

[0012] Figure 5 is a timing diagram corresponding to the circuitry in Figures 3

and 4 in accordance with an embodiment of the invention;

{0013} Figures B8A-8C illustrate equivalent circuil diagrams of a portion of the

sensor layout in Figure 2 in accordance with an embodiment of the invention;

[0014] Figures 7A-7C illustrate sensing palterns for operating sensor electrodes

i accordance with an embodiment of the invention;

[0015] Figure 8 illustrates a sensor layoul for detecting an input object in

accordance with an embodiment of the invention; and

{00186} Figure 9 is a timing diagram of the sensor layout in Figure 8 in

accordance with an embodiment of the invention.

DETAILED DESCRIPTION
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{0017} The following detailed descripiion is merely exemplary in nature and is
not intended fo limit the invention or the application and uses of the invention.
Furthermore, there is no intention o be bound by any expressed or implied theory
presented in the preceding iechnical field, background, brief summary or the

following deiailed description.

{0018} Various embodiments of the present invention provide input devices and
methods that facilitate improved usability. In one embodiment, the input device
includes a matrix sensor that includes a plurality of sensor slectrodes arranged in
rows on a common surface or plane. The input device may include a plurality of
sensor modules coupled 10 the sensor electrodes that measure capacitive sensing
signals corresponding io the slectrodes. During a charge phase, the input device
applies a charging vollage to atl least one of the electrodes in the malrix sensor.
The amount of charge accumuiated on the selected sensor elecirode depends on
the capacitive coupling belween the sensor electrode and an input object (e q., a
finger). During a read phase, the inpul device measures the amount of charge
accumulated on the sensor electrode during the charge phase. in one
embodiment, the measured charge can be correlated to a particular feature of an
input object. For example, when used as a fingerprint sensor, the input device can

detect valleys and ridges in a finger depending on the measured charge.

[0019] The capacilive coupling between a selected sensor elecirode and the
input object, however, is not the only capacitance that can affect the amount of
charge stored on the slectrode during the charge phase. The capacitive coupling
between the selected elecirode and the neighboring sensor electrodes in the matrix
sensor when used as a fingerprint sensor can be on the same order of magnitude
as the difference of the capacitive coupling between a ridge in the finger to the
selected electrode and the capacitive coupling between a valley in the finger to the
selected electrode. Because this capacitive coupling can make measuring the
charge atiributable to the capacitive coupling to the input object more difficult,
embodiments herein drive the neighboring electrodes in the same manner as the
selected sensor elecirode.  iIn one embodiment, during the charge phase, the
selected electrode and the neighboring electrodes are coupled to the charge

voltage. Because there is no voltage difference between these elecirodes, the
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capacitive coupling to the neighboring electrodes does not affect the amount of
charge stored on the selected electrode during the charge phase. Similarly, during
the read phase, the neighboring electrodes and the selecled electrode may be
coupled to the same reference voltage — e.¢., ground — so there is again no voliage
difference between the electrodes. In this manner, the effects of the parasitic
capacitance between the selected sensor electrode and its neighbors can be

mitigated or removed.

{6020} in ancother embodiment, instead of applying the same vollages to the
selected and neighboring elecirodes during the charge and read phases, the input
device floats the neighboring electrodes. During the charge phase a charge
accumulates on the selecled electrodes because of the capacitance coupling
between the selected and neighboring electrodes; however, this charge is not read
out during the read phase because the selected and neighboring electrodes are
biased at zero. As a resull, the same magnitude but opposite polarity of the charge
is transferred to the neighboring pixel. Thus, if the neighboring charge is floating,
the net charge that flows in and out of the selecited electrode during the charge and

read phases is zero.

{0021} Turning now o the figures, Figure 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 {o an elecironic system (not shown).
As used in this document, the term “elecironic system” (or “electronic device™)
broadly refers {o any system capable of electronically processing information.
Some non-limiting examples of electronic systems include personal computers of all
sizes and shapes, such as deskiop computers, iaptop computers, netbook
computers, tablets, web browsers, e-book readers, and personal digital assistanis
{(PDAs). Additicnal example electronic systems include composile input devices,
such as physical keyboards that include input device 100 and separale joysticks or
key switches. Further exampile electronic systems include peripherals such as data
input devices (including remote controls and mice), and data oulput 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
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cellular phones, such as smart phones), and media devices (including recorders,
editors, and players such as televisions, set-iop boxes, music players, digital photo
frames, and digital cameras). Additionally, the slectronic system could be a host or

a slave to the input device.

{0022} 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. bxamples include I°C, SPI, PS/2, Universal Serial Bus
(USB), Bluetooth, RF, and IRDA.

{0023} In Figure 1, the input device 100 is shown as a proximily sensor device
{also ofien referred 10 as a “touchpad” or a “touch sensor device™) configured to
sense input provided by one or more input objects 140 in a sensing region 120.
Example inpul objects include fingers and styll, as shown in Figure 1. In one
embodiment, the input device 100 is a fingerprint sensor that senses the different
features in a finger such as ridges and valleys which can be used to form a
fingerprint.  The fingerprint sensor may be a swipe sensor, where a fingerprint
image is reconstructed from a series of scans as the user moves their finger over
the sensor, or a placement sensor, where a sufficient area of the fingerprint can be
captured from a single scan as the user holds her finger at a fixed location in the

sensing region 120.

{0024} Sensing region 120 encompasses any space above, arcund, in and/or
near the input device 100 in which the input device 100 is able o delect user input
{e.g., user input provided by one or more input objecis 140). The sizes, shapes,
and locations of particular sensing regions may vary widely from embodiment to
embodiment. in some embodiments, the sensing region 120 exiends from a
surface of the input device 100 in one or more directions into space until signal-to-
noise ratios prevent sufficiently accuraie object detection. The distance {0 which
this sensing region 120 extends in a particular direction, in various embodiments,
may be on the order of less than a millimster, milimeters, centimeters, or more, and
may vary significantly with the type of sensing technology used and the accuracy

desired. Thus, some smbodiments sense input that comprises no contact with any



WO 2017/023443 PCT/US2016/039231

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 the sensor elecirodes reside, by face sheels applied over the
sensor electrodes or any casings, etc. In some embodiments, the sensing region
120 has a rectangular shape when projecied onto an input surface of the input
device 100. In another embodiment, the sensing region 120 has a circular shape

that conforms to the shape of a fingertip.

[0025] The input device 100 may utilize any combination of sensor components
and sensing technologies o detect user input in the sensing region 120. The input

device 100 comprises one or more sensing slements for detecling user input.

{00286] 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.

{80271 in some capacitive implementations of the input device 100, voliage or
current is applied to create an electric field. Nearby input objects cause changes in
the electric field, and produce detectable changes in capacitive coupling that may

be detected as changes in voltage, current, or the like.

{6028} Some capacitive implementations utilize arrays or other regular or
irregular patterns of capacitive sensing elements to create electric fieids. In some
capacitive implementations, separate sensing slements may be ohmically shorted
together to form larger sensor electrodes. Some capacitive implementations utilize

resistive sheets, which may be uniformly resistive.

{0028] Some capacitive implementations utilize “self capacitance” {or “absolute
capacitance”) sensing methods based on changes in the capacitive coupling
between sensor elecirodes and an input object. In various embodiments, an input
object near the sensor electrodes aiters 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

~4
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with respect to a reference voltage (e.g. system ground), and by deiecting the

capacitive coupiing between the sensor elecirodes and input objects.

{6030] Some capacitive implemeniations utilize “mutual capacitance” {(or
“ranscapacitance”) sensing methods based on changes in the capacitive coupling
between sensor electrodes. In various embodiments, an input object near the
sensor electrodes alters the electric field betwesn the sensor elecirodes, thus
changing the measured capacitive coupling. in one implementation, a
franscapacitive sensing method operates by delecting the capacitive coupling
between one or more transmitter sensor electrodes (also “transmitter electrodes” or
“ransmitiers”™) and one or more receiver sensor electrodes (also ‘receiver
electrodes” or “receivers”). Transmitter sensor electrodes may be modulated
relative to a reference vollage {e.g., system ground) to transmit transmitier signals.
Receiver sensor electrodes may be held substantially constant relative to the
reference voltage to facilitate receipt of resulting signals. A resulting signal may
comprise effect{s) corresponding 1o one or more fransmilter signals, and/or 10 one
or more sources of environmental interference (e.g. other electromagnetic signals).
Sensor electrodes may be dedicated transmitters or receivers, or may be

configuread to both transmit and receive.

(60313 In Figure 1, a processing system 110 is shown as part of the input device
100. The processing system 110 is configured to operale the hardware of the input
device 100 {0 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, a processing system for a mutual capacitance
sensor device may comprise transmitter circuitry configured {0 transmit signals with
transmitter sensor electrodes, and/or receiver circuitry configured to receive signals
with receiver sensor slectrodes). In some embodiments, the processing sysiem
110 also comprises electronically-readable instructions, such as firmware code,
software code, and/or the like. In some embodiments, componenis 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 componenis close 1o sensing element(s)

of input device 100, and one or more components elsewhere. For example, the



WO 2017/023443 PCT/US2016/039231

input device 100 may be a peripheral coupled to a deskiop computer, and the
processing system 110 may comprise sofiware configured to run on a central
processing unit of the deskiop computer and one or more ICs (perhaps with
associated firmware) separate from the ceniral 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 a2 main
processor of the phone.  In some embodiments, the processing system 110 is
dedicated {o 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 thereot. In varicus embodiments, different combinations of modules
may be used. Example modules include hardware operation modules for operaling
hardware such as sensor electrodes and 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) to detect input,
ideniification modules configured 1o identify gestures such as mode changing

gestures, and mode changing modules for changing operation modes.

[8033] In some embodiments, the processing system 110 responds 1o user input
{or lack of user inpul) in the sensing region 120 directly by causing one or more
actions. Example actions include changing operation modes (e.g., uniocking the
user device or providing access o secure data using a detected fingerprint), as wel
as GUI actions such as cursor movement, selection, menu navigation, and cother
functions. In some embodiments, the processing system 110 provides information
about the input {or lack of input) to some part of the elecironic sysiem {e.g. o a
ceniral 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
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received from the processing system 110 to act on user input, such as to facilitaile a

full range of actions, including mode changing actions and GU! actions.

{80341 For example, in some embodiments, the processing system 110 operates
the sensing element(s) of the input device 100 {0 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 glectrodes. As ancther 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 yet further examples, the processing system 110 may determine positional

information, recognize inpuls as commands, recognize handwriting, and the like.

[0035] “‘Positional information” as used herein broadly encompasses absolute
position, relative position, velocity, acceleration, and other iypes 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 exampies 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

instantaneous velocily over time.

[{00386] In some embodiments, the input device 100 is implemented with
additional input components that are operaled by the processing sysiem 110 or by
some other processing system. These additional input componentis may provide
redundant funclionality for input in the sensing region 120, or some other
functionality. FIG. 1 shows butions 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 shiders, balls, wheels, swiltches, and the like.

10
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Conversely, in some embodiments, the input device 100 may be implemented with

no other input components.

{80371 It some embodiments, the input device 100 comprises a touch screen
interface, and the sensing region 120 overlaps at least part of an aclive area of a
display screen. For example, the inpul device 100 may comprise substantially
transparent sensor electrodes overlaying the display screen and provide a touch
screen interface for the associated electronic system. The dispiay 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), liguid 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
elecirical components for displaying and sensing. As another example, the display

screen may be operaied in part or in total by the processing sysiem 110.

{8038} it shouid 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 variely 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 eleclronic processors (g.g., non-
transitory computer-readable and/or recordable/writable information bearing media
readable by the processing system 110). Additionaily, the embodiments of the
present invention apply equally regardiess of the particular type of medium used to
carry out the distribution. Examples of non-transitory, electronically readable media
include various discs, memory siicks, memory cards, memory modules, and the
like. Electronically readable media may be based on flash, optical, magnstic,

holographic, or any cther storage technology.

{0039} Figure 2 shows a pertion of an exemplary patiern of capacitive sensing
pixels 205 (also referred {0 herein as capacitive pixels or sensing pixels) configured
to sense in the sensing region 120 associated with a patiern, according to soms

embodiments. Each capacitive pixel 205 may include one of more of the sensing

11



WO 2017/023443 PCT/US2016/039231

elemenis described above. For clarity of illustration and description, Figure 2
presents the regions of the capacitive pixels 205 in a pattern of simple reclangles
and does not show various other components within the capacitive pixels 205 In
one embodiment, the capacilive sensing pixels 205 are areas of localized
capacitance {capacilive coupling). Capacitive pixels 205 may be formed between
an individual sensor electrode and ground in a first mode of operation and between
groups of sensor electrodes used as transmilter and receiver electrodes in a
second mode of operation. The capacitive coupling changes with the proximity and
motion of input objects in the sensing region 120 associated with the capacitive
pixels 208, and thus may be usad as an indicator of the presence of the input obiect
in the sensing region 120 of the input device or o detect ridges and valleys when

used as a fingerprint sensor.

{0040] The exemplary pattern comprises an array of capacitive sensing pixels
205X)Y (referred coliectively as pixeils 205) arranged in X columns and Y rows in a
common plane, wherein X and Y are positive integers, although one of X and Y may
be zero. His contemplated that the pallern of sensing pixels 205 may comprises a
plurality of sensing pixels 205 having other configurations, such as polar arrays,
repeating patterns, non-repeating patierns, non-uniform arrays a singie row or
column, or cther suitable arrangement. Further, as will be discussed in more detail
below, the sensor electrodes in the sensing pixels 205 may be any shape such as
circular, rectangular, diamond, star, sguare, nNonCovex, convex, nonconcave
concave, efc. As shown here, the sensing pixels 205 are coupled to the processing

system 110.

(80411 in a first mode of operation, at least one sensor electrode within the
capacitive sensing pixels 205 may be utilized 1o detect the presence of an input
object via absolule sensing techniques. A sensor module 204 (e.q., & sensor
circuity in processing system 110 is configured to drive a sensor electrode using a
frace 240 in each pixel 205 with a capacitive sensing signal {which can be
modulated or unmodulated) and measure a capacitance between the sensor
electrode and the input object (e.q., free space or earith ground) based on the
capacitive sensing signal, which is utilized by the processing system 110 or other

processor to determine the position of the input object or features in a finger.

12
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{0042] The various electrodes of capacitive pixels 205 are typically ohmically
isolaied from the elecirodes of other capacitive pixels 205, Additionally, where a
pixel 205 includes muitiple slectrodes, the electrodes may be ohmically iscolated
from each other. That is, one or more insulators separate the sensor electrodes

and prevent them from electrically shorting to each other.

{0043] In a second mode of operation, sensor electrodes in the capacitive pixels
205 are utillized o detect the presence of an input object via transcapacitance
sensing techniques. That is, processing system 110 may drive at least one sensor
slectrode in a pixel 205 with a transmitter signal and receive resulting signals using
one or more of the other sensor electrodes in the pixel 205, where a resulting signal
comprising effects corresponding to the transmitter signal. The resulting signal is
ytilized by the processing system 110 or other processor 1o determine the position

of the input object.

{00443 The input device 100 may be configured o operate in any one of the
modes described above. The input device 100 may also be configured to switch

between any two or more of the modes described above.

{3045] in some embodiments, the capacilive pixels 205 are “scanned” (o
determine these capacitive couplings. That is, in one embediment, one or more of
the sensor electrodes are driven to transmit transmiiter signals. Transmitlers may
be operated such that one transmiiter elecirode transmiis at one time, or multiple
transmitier elecirodes transmit at the same time. Where muitiple iransmitter
electrodes transmit simultansously, the multiple transmitter electrodes may transmit
the same transmilter signal and effectively produce an effectively larger transmitter
electrode. Alternatively, the mulliple transmitier electrodes may transmit different
transmitter signals. For example, mulliple transmitier electrodes may transmit
different transmitter signals according to one or more coding schemes that enable
their combined effecis on the resulling signals of receiver electrodes 1o be

independently determined.

{00486] The sensor elecirodes configured as receiver sensor electrodes may be

operated singly or multiply to acquire resulting signals. The resulting signals may

13



WO 2017/023443 PCT/US2016/039231

be used o determine measurements of the capacitive couplings at the capacitive

pixels 205.

{00471 in other embodiments, “scanning” pixels 205 to determine these
capacitive coupling includes driving with a modulated signal and measuring the
absolute capacitance of one or more of the sensor elecirodes. in anocther
embodiment, the sensor electrodes may be operated such that the modulated
signal is driven on a sensor electrode in mulliple capacilive pixels 205 at the same
time. In such embodiments, an absolute capacitive measurement may be obtained
from each of the one or more pixels 205 simultaneously. In one embodiment, the
input device 100 simultaneously drives a sensor electrode in a plurality of capacitive
pixels 205 and measures an absolute capacitive measurement for each of the
pixels 205 in the same sensing cycle. In various embodiments, processing system
110 may be configured to selectively drive and receive with a portion of sensor
electrodes. For example, the sensor electrodes may be selected based on, but not
limited to, an application running on the host processor, a status of the input device,
an operating mode of the sensing device and a determined location of an input
object. In another embodiment, the input object {e.g., a finger) is the transmiiter

that is driven with the modulated signal while the sensor elecirode is a receiver.

{0048] A sel of measuremenis from the capaciiive pixels 205 form a capacitive
image (also capacitive frame) representative of the capacitive couplings at the
pixels 205 as discussed above. Mulliple capacilive images may be acquired over
multiple time periods, and differences beilween them used to derive information
about input in the sensing region. For example, successive capacitive images
acquired over successive periods of ime can be used to track the motion{(s) of one

or more input objects entering, exiting, and within the sensing region.

[0048] In some embodiments, one or more of the sensor electrodes in the
capacitive pixels 205 inciude one or more display electrodes used in updating the
display of the display screen. In one or more embodiments, the display elecirodes
comprise one or more segments of a Veom electrode (common electrodes), a
source drive line, gate ling, an ancde electrode or cathode electrode, or any other
display element. These display electrodes may be disposed on an appropriate

display screen substrate. For example, the electrodes may be disposed on the a

14



WO 2017/023443 PCT/US2016/039231

transparent subsirate (g glass substrate, TFT glass, a plastic substrate or any other
transparent material} in some display screens (e.g., In Plane Swilching (IPS) or
Piane to Line Switching (PLS) Organic Light Emitting Diode (OLED)), on the botiom
of the color filler glass of some display screens (e.g., Patterned Vertical Alignment
(PVA) or Multi-domain Vertical Alignment (MVA)), over an emissive layer (OLED),
etc. In such embodiments, an electrode that is used as both a sensor and a display
electrode can also be referred 0 as a combination electrode, since it performs

multiple functions.

[0050] Continuing to refer to Figure 2, the processing system 110 coupled to the
sensing electrodes includes a sensor module 204 and optionally, a display driver
module 208. In one embodiment the sensor module comprises circuiiry configured
to drive a transmitier signal onto and receive resulting signals with the resulting
signals the sensing electrodes during periods in which input sensing is desired. In
one embodiment the sensor module 204 includes a transmilter module including
circuitry configured to drive a transmitter signal onto the sensing electrodes during
pericds in which input sensing is desired. The tansmilter signal is generally
modulated and contains one or more bursts over a period of time allocated for input
sensing. The fransmitier signal may have an ampiitude, frequency and voliage
which may be changed to obtain more robust location information of the input obiect
in the sensing region. The modulated signal used in absolule capacitive sensing
may be the same or different from the transmitler signal used in transcapacitance
sensing. The sensor module 204 may be selectively coupled to one or more of the
sensor eleclrodes in the capacitive pixels 205, For example, the sensor meodule
204 may be coupled o selected portions of the sensor eleclrodes and operate in
either an absolule or transcapacitance sensing mode. In ancther example, the
sensor module 204 may be coupled {o different sensor electrodes when operating
in the absolute sensing mode than when operating in the transcapacitance sensing

mode.

[0051] In various embodiments the sensor module 204 may comprise a receiver
module that includes circuitry configured o receive a resulling signal with the
sensing electrodes comprising effects corresponding to the transmitter signal during
pericds in which input sensing is desired. In one or more embodiments, the

receiver module is configured to drive a modulated signal onto a first sensor
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electrode in one of the pixels 205 and receive a resulling signal corresponding fo
the modulated signal to determine changes in absolute capacitance of the sensor
electrode. The receiver module may determine a position of the input object in the
sensing region 120 or may provide a signal including information indicative of the
resulling signal to another module or processor, for example, a determination
module or a processor of the electronic device (ie., a host processor), for
determining the position of the input object in the sensing region 120. In one or
more embodiments, the receiver module comprises a plurality of receivers, where

each receiver may be an analog front ends (AFEs).

[0052] In one or more embodiments, capacitive sensing (or input sensing) and
display updating may occur during at least partially overlapping periods.  For
example, as a combination sleclrode is driven for display updating, the combination
electrode may also be driven for capacilive sensing. Or overlapping capacitive
sensing and display updating may include modulating the reference voltage(s) of
the display device and/or modulating at least ong display electrode for a display in a
time pericd that at least partially overlaps with when the sensor eleclrodes are
configured for capacitive sensing. in another embodiment, capacitive sensing and
display updating may occur during non-overlapping periods, aiso referred {o as non-
display update periods. In various embodiments, the non-display update periods
may occur between display line update periods for two display lines of a display
frame and may be at least as iong in time as the display update period. In such
embodiment, the non-display update period may be referred o as a long horizontal
blanking pericd, long h-blanking pericd or a distributed blanking period.  In other
embodiments, the non-display update period may comprise horizontal blanking
periods and vertical blanking pericds. Processing system 110 may be configured to
drive sensor electrodes for capacitive sensing during any one or more of or any

combination of the different non-display update times.

[6053] The display driver module 208 includes circuitry confirmed o provide
display image update information to the display of the display device during non-
sensing {(e.q., display updating) periocds. The display driver module 208 may be
included with or separate from the sensor module 204, In one embodiment, the
processing system comprises a first integrated controller comprising the display

driver module 208 and at least a portion of the sensor module 204 (i.e., transmitler
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module and/or receiver module). In ancother embodiment, the processing sysiem
comprises a first integrated controller comprising the display driver module 208 and
a second integrated controller comprising the sensor module 204, In yet another
embodiment, the processing system comprises a first integrated controlier
comprising a display driver moduie 208 and one of a fransmitier module or a
receiver module and a second integrated controller comprising the other one of the

transmitier module and receiver moduls.

[0054] Figure 3 Hlustrates a sensor layout for a fingerprint sensor 300 for
detecting an input object in accordance with an embodiment of the invention.
Although the discussion that follows describes the sensor layout being used in a
fingerprint sensor 300, the embodiments are not limited to such.  In other
embodiments, the components illustrated in Figure 3 may be used in a capacilive
sensing sensor for detecling a position of an input object in a sensing region,
whether an inpui object is hovering over a touch surface, palm print, or hand

geometry.

{0055] As shown, the fingerprint sensor 300 includes mulliple sensor electrodes
315 which may each form a capacitive sensing pixel 205 as described above. The
sensor electrodes 315 are arranged fo form a fingerprint sensor array. As shown,
the sensor electrodes 300 are arranged in a matrix pattern and may be co-planar
and disposed on a common plane or subsirate. In one embodiment, the width and
height of the sensor electrodes 315 may range from 5 microns to 70 microns.
Furthermore, the pilch beiween the sensor electrodes 315 is set to enable the
sensor 300 {o detect features in a finger such as valleys and ridges. For example,

the pitch between sensors 315 may range from 5 to 100 microns.

[{00586] Each sensor electrode 315 is coupled to respechive switches 320, 325
{e.g., transistors). The switches 320, 325 are conirolled (i.e., aclivaied and
deactivated) by row select lines 305 and row sslect lines 310. As shown, each row
in the sensor 300 includes a respective pair of the select lines 305 and 310, For
example, each of the swilches 320 and 325 in the upper row are respectively
coupled to select lines 305A and 310A. The switches 320 and 325 in the middle

row are respectively couplad 1o select lines 3058 and 3108, and so forth.
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{00571 in one embodiment, the sensor electrodes 315 are disposed on a
different substrate in fingerprint sensor 300 than the swiiches 320, 325 and the
select lines 305, 310. For example, the electrodes 315 may be disposed on a first
subsirate above a second subsirate on which the swilches 320, 325 are disposed in
a display stack. The first substraie may include through vias to elecirically couple
the elactrodes 315 to the switches 320, 325, In ancther embodiment, the sensor
electrodes 315, switches 320, 325, and select lines 305, 310 are disposed on a
common subsirate. For example, these components may be disposed on the same
side of the comimon subsirate. However, in another example, the sensor electrodes
315 may be disposed on a first side of the common substrate while the switches
320, 325 and select lines 305, 310 are disposed on a second, opposite side of the

common substrate.

{6088] in one embodiment, the switches 220, 325 are formed using thin-fiim-
transistors (TFT). Howsver, in another embodiment, the switches 320, 325 may be
implemented using CMOS transistors. As such the fingerprint sensor 300 may be
used in a display stack where switches 320, 325 and sensor electrodes 315 are
formed using transparent materials {(e.g., TFT) or the sensor 300 may be used
cutside a display stack where the switches 320, 325 or sensor elecirodes 315 are

not transparent (e.g., CMOS technologies).

[0059] The select lines 305, 310 activate the switches 320, 325 ithereby
connecting the sensor elecirodes 315 to either a data line 330 or to a ground (GND)
network. While the swilches 320, 325 in the same row of eleclrodes 315 are all
coupled to the same pair of select lines 305, 310, the switches 320 in the same
column of electrodes 315 are all couplaed to the same data line 330 (also referred (o
as an ouiput line). When select line 305A activates the swilches 320 in the upper
row, each of the eleclrodes 315 in the upper row (.e., sleclrodes 315A, 3188, and
315C) are coupled to their respective data lines 330. If only one of the select lines
305 is active at any given lime, then only one electrode 315 in each column is
coupled to a data line 330. For example, if select line 308A is high, but select lines
3058 and 305C are low, then only sensor electrodes 315A-C are coupled to the

data lines 330 while electrodes 31501 are not.
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[0060] When a select ling 310 is aclive, all the sensor electrodes 315 in the
corresponding row are coupled to GNID. In one embodiment, the timing of select
lines 305 and 310 is synchronized so that the select iines 305, 310 corresponding
to the same electrode 315 are not active at the same time. Stated differently, in one
embodiment, no electrode 3215 is simultaneously coupled to both the GND network
and a data line 330. The specific timings used to control the swilches 320, 325 and
perform capacitive sensing using the sensor slectrodes 315 is described in detall

below.

{80811 Each data line 330 is coupled 10 a respective selection logic 335 which
permits different voltages to be driven onto the data lines 330. The selection logic
335 is in tn coupled o sensor modules 204, In one embodiment, the sensor
modules 204 are circuits that include receivers for measuring charge on a sensor
electrode 315 in order to perform capacitive sensing. Although fingerprint sensor
300 includes a one-to-one correlation between the data lines 330 and the sensor
modules 204, in other embodiments, multiple data lines 330 may be mulliplexed to
the same sensor module 204, Stated differently, multiple columns of sensor
electrodes 315 may be selectively coupled to the same sensor module 204 which

may save space and reduce costs.

{80823 Figure 4 illustrates the sensor module 204A which is selectively coupled
to sensor electrode 315A. The same arrangement shown here may be reproduced
for each of the sensor electrodes 315 in the sensor 300, As shown, the data line
330A is coupled to three switches in the selection logic 335A which are activated
using swilch signal 405, switch signal 410, and switch signal 415, In one
embodiment, the processing system controls the switch signals 405, 410, and 415
such that at most one of the signals is active at any given time. If switch signal 405
is active, the data line 330A is coupled o a charging voltage (Vep). If swilch signal
410 is active, the data line 330A is coupled to GND. If switch signal 415 is active,
the data line 330A is coupled o the sensor module 204A. Moreover, if the seiect
line 308A activates the swilch 320, then any voliage driven onto the data line 330A
is also driven onto the sensor electrodes 315A. Further, when measuring the
charge on the sensor electrode 3154, the data line 330A and the transistor coupled

to switch signal 415 provide a conductive path from the sensor electrodes 315A o
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the sensor module 204A. Although the voitage source Ve and GND are shown as
part of the selection logic 335A, in other embodiments, these voltage networks may

be part of the sensor module 2044,

[0063] The sensor module 204A includes an operational amplifier 425, feedback
capacitor (Ceg), and a reset swiich that is activated using the reset switch signal
420, When measuring charge on the sensor electrodes 315A, the reset swiich
signal 420 is LOW to prevent the input and output of the amplifier 425 from being
short circuited. In operation, the charge on the sensor electrode 315A is transferred
to the Crz which can be measured and processed using, for example, a

determination module coupled to the sensor module 204A,

16064] In one embodiment, the amount of charge on the sensor elecirode 315A
varies depending on the capacilive coupling between the sensor eleclkrode 315A
and an input object {e.g., a finger). For exampile, during a first time period, the
sensor elecirode 215A is coupled io the charging voliage Ve via the data line 330A
and selection logic 335A. The amount of charge accumulated on the sensor
electrode 315A during the first ime period depends on the capacitive coupling
between the finger and the electrode 315A. During & second time period, the
selection logic 335 couples the sensor slectrode 315A {o the sensor module 204A
which measures the amount of charge that was accumulated on the sensor
electrode 315A during the first time period. Once this charge (or a change in
charge) is determined, the fingerprint sensor 300 can determine the capacitive
coupling between the elecirode 315A and the finger which can indicale, for

example, if a ridge or a valley of the finger is disposed over the electrode 315A.

[0085] However, the capacitance belween the electrode 315A and the input
object {fingen) is not the only capacitance in the fingerprint sensor 300. There is
aiso capacitive coupling between the sensor electrode 315A and neighboring
electrodes (not shown in Figure 4). In fact, this capacitive coupling may be orders
of magnitude larger than the difference of the capacitive coupling between a ridge
in the finger io the electrode 315A and the capacitive coupling between a valley in
the finger o the slectrode 315A. Moreover, capacitive coupling from the data line

330A {and other neighboring data lings 330) 1o the sensor electrode 315A may also
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affect how much charge is accumulated on the sensor electrode 315A during the
first time period. These capacitive couplings are collectively referred to herein as
parasitic capacitances which make detecting the capacitive coupling between the

input object and the sensor electrode 315A more difficult to measure.

[00686] As used herein, a neighboring sensor electrode is a sensor electrode
whose capacitive coupling to the elecirode 1o be sensed interferes with the ability of
a sensor module to measure a desired capacitance belween the selected electrode
and the input object For example, when used as a fingerprint sensor, a
neighboring sensor electrode may be a sensor electrode whose capacitive coupling
to the selected electrode is at least on the same order of magnitude as the
difference of the capacitive coupling between a ridge in the finger to the selected
electrode and the capacitive coupling between a valley in the finger to the select
electrode. Moreover, an adjacent sensor electrode is an elecirode that is directly
next to the sensed electrode in the malrix, sither al an angle of along a row or
column. For example, referring to Figure 3, sensor electrode 315C can be a
neighboring electrode o sensor electrode 315A even though electrode 315C is not

directly adjacent to sensor electrode 315A.

[0067] In one embodiment, the fingerprint sensor 300 operates by sensing the
charge accumulated on the sensor elecirode 315A due to voltage difference
between a finger and the sensor electrode 315A. However, as mentioned above,
the parasitic capacitances, especially the coupling capacitance to neighboring
sensor electrodes 315, also affect the amount of charge accumulated on the sensor
electrode 315A. Equation 1 illustrates the relationship between these capacitances
and the amount of charge that accumulates on the elecirode 3154

QSlSA = EBlSA Cneighbor@/l%l&% - E’/neighbor) + CFV315A (1)

[0668] In Eguation 1, Qsa is the charge accumulated on slectrode 315A,
Creighoor 18 the capacilive coupling between electrode 315A and one of the
neighboring electrodes in the sensor 300 {(and will vary depending on the spatial
relationship of the neighboring electrode to electrode 315A), Vi is the voltage on

the sensor electrode 315A, Vieighoor 1S the voitage on the neighboring electrode, and
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Cr is the capacitive coupling between the sensor electrode 315A and the finger. As
shown, the charge () on the electrode 315A depends on the voliage difference
between the sensor electrode 318A and all the neighboring electrodes to which it is
capacitively coupled. Stated differently, if there is a voliage difference between the
sensor electrode 315A and the neighboring elecirodes, the sum of the capacitive
couplings between the sensor slectrode 315A the nsighboring elecirodes affect

charge accumulation on electrode 315A.

[0069] The present disclosure uses common mode cancellation {o remove or
mitigaie the effects of the parasilic capacitance between the sensor elecirodes
3154 and its neighbors — L.e., the sensor electrodes to which the slectrode 315A is
capacitively coupled. To do so, the fingerprint sensor 300 ensures there is no
voltage difference between the sensor electrode 315A and iis neighboring
electrodes. If the voltage difference is zero, the summation {(Z) portion of Equation
1 goes 1o zero, meaning the charge accumulated on sensor electrode 315A is
affected only by the capacifance coupling to the input obiect — i.e., Ce. The effect of

common mode canceliation is illustrated by Equation 2:

— r
QBlSA - CF{/315A (2)

[0070] As shown by Equation 2, a significant reduction in common mode voliage
can be achigved by reducing or eliminaiing the voltage difference between sensor

electrode 315A (i.e., the electrode being sensed) and the neighboring electrodes.

{0071} Figure 5 is a timing diagram 500 corresponding to the circuilry in Figures
3 and 4 for mitigating common mode voltage belween a sensed electrode and
neighboring electrodes.  Specifically, the timing diagram 500 illustrates the timing
of the signal lines coupled to sensor electrode 315A and sensor electrode 315D
which are in the same column but adjacent rows in the fingerprint sensor 200
shown in Figure 3. Moreover, the sensor electrode 315A is also referred o herein
as the “sensed electrode” while sensor electrode 315D is also referred to as the

“neighboring elecirode.”
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{6072} Altime T1, the select line 305A coupled 1o sensor electrodes 315A-C and
the select line 305B coupled to sensor electrodes 315D-F both go HIGH which
activate the switches 320 in the upper and middie rows of sensor 300, As a result,
both sensor electrode 315A and second electrode 315D are coupled to the daia line
330A. Moreover, the switch signal 405 in the selection logic 335A also goes HIGH
which causes the charging vollage Veu to be driven onto the data line 330A and
both sensor elecirode 315A and sensor slectrode 3150, Thus, from time T1 o T2
(i.e., the CHARGE phase), the sensed electrode and a neighboring electrode are
driven to the charging voltage Veu. Thus, by the end of the CHARGE phase, there
is no voltage difference between the sensed electrode and iis neighboring

electrodes.

{6073} Because the select lines 305A and 3058 control all the switches 320 in
the upper and middie row, at time T1, all the sensor electrodes 315 in these rows
are coupled o their respective data lines 330. If desired, the corresponding switch
signals 405 for these dala lines 330 may also couple the remaining sensor
glectrodes 315 in the upper and middle rows 0 the charging voltage Veou. Thus, in
this manner, at least by the end of T2, there is no voltage difference betwsen the
sensed eleclrode and its neighboring electrodes. Referring back to Eguation 1,
because the voliage on the sensed electrode and the neighboring elecirodes is the
same, then the effect of the parasitic capacitance between the sensed electrode
(i.e., slectrode 315A) and the neighboring electrode on the charge accumulated on

the sensed electrode during time T1 to T2 is miligated or removed.

{0074] In one embodiment, instead of using the switch signal 405 and the charge
voltage source {o store charge, the electrode may instead be coupled to the
operation amplifier 425 which is configured to drive the vollage Ven onto the

electrodes.

[0075] Al time T2, the CHARGE phase ends and a LINE PRE-CHARGE phase
begins. During this time period, the select lines 305A and 3058 go LOW thereby
disconnecting electrodes 315A and 315D from the data line 330A. However, from
time T2 fo T3, the switch signal 405 continues to be HIGH which means the data

line 330A remains coupled to the charging voltage Ven. This time interval prevents
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discharging the electrode if Vo is switched off. If Vg is constant, this time interval
may not be needed. Moreover, during the PRE-CHARGE phase, the sensor
electrodes 315A and 3150 are electrically floating which means they substantially
retain the charge accumulated during the CHARGE phase (minus any leakage
current through the swilches 320, 325).

{00786] Al time T3, the switch signal 405 goes LOW thereby disconnecting the
data line 330A from the charging vollage Veu Al the same time, the swilch signal
410 goes HIGH thereby connecting the data line 330A fo GND. Doing so removes
any charge built up on the daia line 330A during times T1-T32. Al fime T4, the
switch signal 410 goes LOW thereby disconnecting the data line 330A from GND.
Thus, from time T4 {o T5, the data line 330A as well as electrodes 3154 and 315D
are electrically floating. This portion of the PRE-CHARGE phase may be used to

allow signais to setile before measuring the charge on the sensed electrode.

{8077} At time T5, the selact line 305A goes HIGH which connects sensor
glectrode 315A to data line 330A. However, select line 3058 remains LOW which
means sensor electrode 3150 is not connected to the data line 330A. In one
embodiment, all of the select lines 305 except the one corresponding to the row that
contains the sensed electrode are low at T5 so thal only one of the sensor
glectrodes in a column is coupled {0 the data line 330 for that column. Stated
differently, al 75, sensor electrode 315A is coupled to data line 330A while the other
sensor electrodes in the same column — i.e., sensor electrodes 315D and 315G ~

are disconnscted from data line 330A.

[0078] In addition fo connecting sensor electrode 315A to the data line 330A, the
switch signal 415 goes HIGH thereby connecting the sensor electrode 315A to the
operational amplifier 425 in the sensor moduie 204A. Because the positive input of
the amplifier 425 is coupled to GND, the amplifier drives the voltage on the sensor
electrode 315A 1o ground {or cther reference voltage) thereby depleting the charge
accumulated on the electrode 315A during the CHARGE phase at time T1-T2. As
discussed above, because the reset switch signal 420 (not shown) is high, the
charge on the sensor elecirode 315A fransfers to the feedback capacitor Ceg and

alters the output voltage (Vour) of the sensor module 204A. Moreover, since any

24



WO 2017/023443 PCT/US2016/039231

charge on the daia line 330A was depleted during the PRE-CHARGE phase, only
the charge on the sensor elecirode 215A is measured. Using Vour, a determination
module can identify a presence of an input oblect or specific features on an input

object — e.g., ridges and valleys on a finger.

{0079] In addition, at time T5, the select line 3108 goes high thereby activating
the swiiches 325 in the middle row and coupling all the electrodes in the middie row
(i.e., sensor slectrodes 3150-F) to GND. Thus, both the sensed electrodes and the
neighboring slecirodes are coupled to the same reference voltage during the READ
phase ~ i.e., GND. As such, while sensor module 204A measures the charge on
sensor elecirode 315A, the sensor electrodes 315A and 315D are at the same
voltage at least by the end of the READ phase at T6 — ie., there is no voliage
difference between the sensed elecirode and its neighboring elecirodes. Again
referring to Equation 1, because the voliage difference between the sensed
electrode and the neighboring elecitrodes is zero {i.e., both electrodes are driven to
GND), the transfer of the charge Qusa from the sensor electrode 315A to the
feedback capacitor Crs is not affected by the parasitic capacifance between
electrodes 315A and 315D,  Instead, this charge transfer is affected primarily by
the coupling capacitance Cr between sensor electrode 315A and the finger. Stated
differently, driving the elecirodes 315A and 315D io the same reference vollage
during this time means any effect caused by the parasilic capacitance between
electrodes 315A and 315D on the output voltage Vour of operational amplifier 425 is

mitigated or removed.

{0080] Figures B8A-8C illustrate equivalent circuil diagrams of a portion of the
sensor layout in Figure 3. Specifically, Figure 8A illusirates a state of the circuitry
shown in Figure 4 when performing the CHARGE phase. As shown, the switch 320
is closed (i.e., activaied) while the swilch 325 is open which means the sensor
electrode 315A is coupled to the data line 330A. Moreover, the switching signal
405 is HIGH which connects both the data line 330A and the sensor elecirode 315A
to the charge voltage Veu. The parasitic capacitances of the output line are lumped
into the capacitance Ce. In addition, the switching signals 410 and 415 are LOW
thereby preventing the data line 330A from being coupled to GND.
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{0081} in one embodiment, the gain of the amplifier 425 is sel o miligate the
effect of the capacitance Cp on the charge stored on the sensor electrode. As the
gain of the amplifier 425 increases, the charge transferred from the sensor
electrode to the parasitic capacitance Cp during the READ phase becomes
negligible compared to the charge fransferred to the feedback capacitor Ceg.
Hence, any effect caused by the parasilic capacitance between the data lines and
ground can be mitigated or removed by having an operational amplifier 425 with

sufficiently high gain.

{60821 Figure 8B iilustrates a state of the circuitry shown in Figure 4 when
performing the PRE-CHARGE phase. Here, swilches 320 and 325 are open which
disconnect the data line 330A from the charging voltage. Instead, the switching
signal 410 is HIGH thereby connecting the data line 330A to GND which depletes
the charge on the daia line 330A bul leaves the charge on the sensor electrode
315A.

[0083] Figure 6C illustrates a state of the circuitry shown in Figure 4 when
performing the READ phase. In this scenario, swilch 320 coupling sensor electrode
315A to the data line 330A is again active which ohmically couples these two
slements. However, the switch signal 410 is LOW thereby disconnecting the data
line 330A from GND, but the switch signal 415 is HIGH which connects the data line
330A to the operational amplifier 425. As discussed above, using the capacitance
Cre, the amplifier 425 cutputs a voliage which varies according to the amount of
charge that was accumulated on the sensor slectrode 315A during the CHARGE

phase.

[6084] Figures 7A-7C illustrate sensing palterns for operating sensor electrodes
in accordance with an embodiment of the invention. Figure 7A illustrates a sensing
pattern 705 where only one sensed elecitrode 720 is sensed during a READ phase.
Stated differently, for each READ phase performed by the fingerprint sensor, the
charge stored on only one of the sensor electrodes (i.e., sensed electrode 720) is
measured. The fingerprint sensor may repeat the CHARGE, PRE-CHARGE, and
READ phases 1o read from each one of the sensor electredes. That is, the

fingerprint sensor may raster through the sensor electrodes and perform respective
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CHARGE, FRE-CHARGE, and READ phases for each of the sensor electrodes in

order to perform capacitive sensing.

{8085] The other sensor electrodes in the fingerprint sensor (i.e., the un-sensed
electrodes 725 or the neighboring electrodes) are driven o the same voltages as
the sensed elecirode 720 to mitigate or prevent the coupling capacitances between
the sensed elecirode 720 and the un-sensed electrodes 725 from affecting the
charge measurement performed on the sensed elecirode 720 as described above.
In this embodiment, all the sensor slectrodes being sensed in the fingerprint sensor

are drivern o the same voitages as the sensed electrode 720.

{00885] Figure 7B illustrates a sensing patiern 710 that is similar to the pattern
705 in Figure 7A. In sensing pattern 710, only one sensor electrode is sensed
during each iteration of the CHARGE, PRE-CHARGE, and READ phases.
However, sensing pattern 710 is different than pattern 705 in that not all of the
sensor electrodes in the fingerprint sensor are driven {o the same voltages as the
sensed electrode 720. As shown, only the sensor eleclrodes adjacent to the
sensed electrode 720 (i.e., the un-sensed electrodes 725) are driven to the same
voltages as the sensed electrode 720 as described in the fiming chart shown in
Figure 5. However, the sensor slectrodes {i.e., the un-driven electrodes 730) that
surround the un-sensed electrodes 725 are not driven to the same voltages as the
sensed electrode 720. Instead, the un-driven electrodes 730 may be electrically
floating when the CHARGE, PRE-CHARGE, and READ phases are performed on
the sensed electrode 720 and the un-sensed elecitrodes 725, For example, the
switches 320 and 325 may be deactivated during these phases so that the un-
driven eleclrodes 730 are not connected to a data line or the GND network. In
another example, the un-driven electrodes 730 may remain coupled to GND during
the CHARGE, PRE-CHARGE, and READ phases.

[0087] One reason for using the sensing pattern 710 rather than 705 is o save
power. That is, the fingerprint may use less power {and extend battery life) by
keeping the sensor electrodes thai are further than the adjacent row and column of
the sensed eleclrode 720 in a floaling state.  Although this may result in the

capacitance coupling between the un-driven electrodes 730 and the sensed
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electrode 720 affecting the charge stored on the sensed electrode 720, the values
of these capacitances may be oo small to have a large effect on the charge
accumulated on the sensed electrode 720. However, in anocther embodiment, the
fingerprint sensor may drive the sensor electrodes in the first two or three
concentric circles surrounding the sensed electrode 720 to the same voltages as
the sensed slectrode 720 rather than only the first concentric circle as shown in
Figure 7B. Any sensor eleclrodes oulside of these first two or three concentric

circlas would be un-driven slectrodas 730,

[0088] Figure 7C illustrates a sensing pattern 715 where a row of sensor
glectrodes are sensed during each iteration of the CHARGE, PRE-CHARGE, and
READ phases. As shown, sach of the sensor eleclrodes in row 735 are sensed
electrodes 720 where the charge accumulated on these eleclrodes 720 during the
same CHARGE phase are measured in parallel by respective sensor modules. Put
differently, the fingerprint sensor includes a sensor moduie (e.g., sensor module
204A shown in Figure 4) for each column in the fingerprint sensor. Because the
sensor electrodes in the same row are activated by the same select line {e.g., select
line 305), the fingerprint sensor can charge, pre-charge, and read from all of the
sensor elecirodes in the row 735 in parallel. For example, referring back to the
timing chart 500 in Figure 5, during T5-T8, the fingerprint sensor may read from all
the sensor electrodes in the same row as the sensor electrode 315A in parallel

using respective sensor modules 204,

[0089] in one embodiment, however, the fingerprint sensor may read from a
subset of the sensor electrodes in row 735 rather than all of the sensor electrodes
as shown in Figure 7C. For example, to reduce cosis, multiple columns may be
multiplexed to the same sensor module. For instance, the first two columns may be
multiplexed to a first sensor module, the next two columns are mulliplexed to a
second sensor module, and so forth. Since a sensor module can read from only
oneg sensor electrode at a time, the fingerprint sensor may read from only haif of the
sensor electrodes in row 735 during each iteration of the CHARGE, PRE-CHARGE,
and READ phase. For example, during a first itergtion, the odd sensor electrodes in
row 735 are coupled to the multiplexed sensor modules, but during a second

iteration, the even sensor electrodes in row 735 are coupled to the sensor modules.
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Of course, in other embodiments, the sensor modules may be selectively coupled o

three, four, five, etc. columns of sensor electrodes by a muiiiplexor.

[0090] Figure 8 illustrates a sensor layout for detecting an input object in a
fingerprint sensor 800, Unlike fingerprint sensor 3006 in Figure 3, here, each sensor
electrode 315 is controlled by only one select line 805. Fut differently, if a particular
row is inactive {i.e., the select line 805 is LOW), then the sensor electrodes cannot
be coupled to GND unlike in fingerprint sensor 300 where the select line 3058 can
couple the sensor electrodes 315 in a row to the GND network. As shown, sach
sensor electrode 315 in a row is coupled to a respective daia line 830 via a switch
810. If the select line 805 is HIGH, the switches 810 in the row are active and each
of the sensor electrodes 315 is coupled 1o a respeclive data line 830, If the select
fing 805 is LOW, the swifches 810 are inactive and the electrodes 315 in the row

are electrically floating.

{80911 If sensing the upper row (i.e., the row confaining sensor elecirodes 315A
and 315B), the select line 805A is active while the select line 8058 is inactive.
Thus, while sensing on the upper row, the neighboring electrodes 315C and 315D
in the lower row are electrically floating — i.e., are disconnected from the data lines
330A and 330B.

[0092] Figure 9 is a timing diagram 800 of the sensor layout in Figure 8 in
accordance with an embodiment of the invention. Specifically, iming diagram 800
lustrates DISCHARGE, CHARGE, LINE PRE-CHARGE, and READ phases for the

sensor electrodes 315A and 3158 in the upper row of the fingerprint sensor 800.

{6093} At time T1, any charge on the sensor electrodes 315A and 3158 as well
as the data lines 830 is removed by coupling these components to GND. To do so,
the select line 805A is HIGH which couples the sensor electrodes 315A and 315B
to their respective data lines B30A and 830B. Moreover, the switch signals 820A

and 8208 are alsc HIGH which couples these components to GND.

{8094 Although not shown in timing diagram 800, the select line 8058 for the

lower row may be HIGH which also couples the sensor electrodes 815C and 818D
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to the data lines B830A and 830B and to ground. Thus, any charge on these

electrodes is aiso depleted.

[B095] At time T2, the select line B05A remains HIGH but the swilch signals
820A and 8308 are LOW thereby disconnecting the data lines 830A and 8308 from
GND. Moreover, the swilch signals 835A and 8358 are HIGH which couples the
data lines 830A and 830B and sensor slectrodes 3154 and 3158 to the charging
voltage Ven. Thus, during T2-T3, the sensor eleclrodes 315A and 2158 are
charged while the sensor electrodes in the nsighboring rows — e.g., sensor
glectrodes 315C and 3150 - remain floagting. However, the switches 810 that
couple the sensor electrodes 815 to the data lines 830 may be leaky. Thatis, even
though the select line 80SE for the lower row is LOW thereby deaclivating the
switches 810 in this row, the swilches 810 may nonstheless permit some current {o
flow into the sensor electrodes 315C and 315D which causes charge to be stored

on these sensor electrodes.

[0036] Moreover, the leakiness of the swilches 810 may vary depending on the
process corner in which the swilches 810 were fabricated. That is, some switches
810 may leak more than others depending on where they are on the fingerprint
sensor. Because these process variations may be unpredictable, the fingerprint
sensor 800 may be unable to predict how much charge is stored on the *floating”
sensor electrodes by the leakage current. Moreover, this leakage current and the
resulting accumulated charge may cause the coupling capacilance belween the
upper row slectrodes (i.e., the sensed electrodes) and the lower row of electrodes
(i.e., the neighboring electrodes) {o affect the amount of charge stored on the
sensed slectrodes during the CHARGE stage. That is, unlike in timing diagram 500
where the electrodes in the neighboring rows are driven to the same voltages, here,
the electrodes 315C and 315D in the lower row may have a different voltage than
the slectrodes 315A and 3158 in the upper row because of the leakage current of
the switches 810 which may affect the charge accumulated on sleclrodes 315A and
315B.

{00971 in ancther embodiment, instead of electrically floating the neighboring
electrodes during time T2, these electrodes may also be driven by to the charging

voltage or coupled to the reference voltage (i.e., GND). For example, if only one
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electrode is being sensed (e.g., elecirode 315A), the dala lines 830 coupled o the
neighboring electrodes on the same row as the sensed electrode may be attached
to GND or the charging voltage. For neighboring electrades in a different row (e.g.,
electrodes 315C and 315D), the selection line 805B may be HIGH thereby coupling
these electrodes fo either GND or the charging voliage rather than floating these

electrodes during T2-T3.

{00938} At time T3, the select line 805A goes LOW while the data lines 830
remains couplad to charge voliage. At fime T4, the swilch signals 8358A and 8358
are switched fo LOW, thereby disconnecting the data lines 830 from the charging
voltage. In parailel, the swilch signals 820A and 820B go HIGH coupling the data
lines 830A and 8308 to GND which depletes any charge stored on the data lines
830. However, since the electrodes 315A and 315B are disconnected from the
data lines 830, they continue to store the charge accumulated during the CHARGE
phase, Aftime T5, the swiich signals 820A and 820B go LOW which causes the
data lines 830 and the sensor electrodes 315A and 3158 o be slectrically floating.

Doing s¢ may give time for the signals 1o setlle before the READ phase begins.

[0099] At time T8, the select line 805A goes HIGH thereby coupling the sensor
electrodes 315A and 3158 to their respective data lines 830A and 8308B. The
switch signals 825A and 825B also go HIGH and connect the sensor electrodes
315A and 315B to the sensor modules 204A and 204B, respeclively. As described
above, the sensor modules 204 measure the amount of charge accumulated on the
sensor electrodes 315A and 3158 during the CHARGE phase. However, hecause
of the leakage current in the swilches 810, there may be some voltage difference
between the sensor electrodes 315 in the upper row and the neighboring electrodes
{which are nct being sensed) which can affect the charge transferred from the
sensor electrodes on the upper row to the feedback capacitors Cre in the sensor
modules 204. Although the parasitic capacitance between the sensed slectrodes
and the neighboring electrodes in the fingerprint sensor 800 may affect the charge
stored on the sensed eleclrodes, the sensor 800 may be cheaper to manufacture
than the fingerprint sensor 300 illustrated in Figure 3, and thus, may be preferred in

sSoMme Cases.
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{eoi00]  Although the timing diagram 900 illustrates measuring the charge from
multiple sensor elecirodes in paraliel {i.e., both sensor electrode 215A and 315B),
the fingerprint sensor 800 may alsc sense only one sensor electrode during each
iteration of the CHARGE, PRE-CHARGE, and READ phases. For example, instead
of coupling sensor electrode 315E 1o sensor module 204B during the READ phase,
this electrode may be coupled fo GND using the switch signal 8208B. Thus, the
sensor electrode 3158 would be driven to the same voltages as sensor electrede
3154 during the DISCHARGE, CHARGE, PRE-CHARGE, and READ phases, and
thus, would not affect the charge stored on the sensor electrode 315A without
having to measure the charge accumulated on the sensor electrode 3158, For
example, instead of sensor electrodes 315A and 315B have respeclive sensor
modules 204A and 204B, these electrodes may share the same sensor module
204. The sensor electredes 315A and 315B8 can be driven in the same manner as
shown in timing diagram 800 except that during the READ phase, dala line 830B is
coupled to GND using switch 8208 while data line 830A is coupled to the sensor
module 204 so the charge on sensor electrode 315A can be measured. During a
subsequent iteration of the CHARGE, PRE-CHARGE, and READ phases, data iine
8308 is coupled it the shared sensor module 204 so the charge on sensor
electrode 315B can be measured while data line 830A is coupled to GND using
swiich signal 820A. In this manner, the fingerprint sensor 800 can measure the
charge stored on a single sensor glectrode in a row or a subset of the sensor
electrodes in the row during a single iteration of the CHARGE, PRE-CHARGE, and
READ phases.

{01011 The embodiments and examples set forth herein were presented in order
to best explain the embodiments in accordance with the present technology and ifs
particular application and to thereby enable those skilled in the art to make and use
the present technology. However, those skilled in the art will recognize that the
foregoing description and examples have been presented for the purposes of
ilustration and example only. The description as set forth is not intended to be

exhaustive or to limit the disclosure 1o the precise form disclosad.

[00102] in view of the foregoing, the scope of the present disclosure is

determined by the claims that follow.
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WE CLAIM:

1. A processing system for performing capacitive sensing, the processing
system comprising:

selection iogic configured to apply, during a first time period, a charging
voltage to a first sensor electrode and a second sensor electrode, wherein the
second sensor electrode neighbors the first sensor electrode in a sensor eleclrode
matrix; and

a sensor circuit configured to measure, during a second fime period, a first
charge stored on the first sensor electrode resulting from applying the charging
voltage, whersin the selection logic is configured o bias the second sensor

electrode to a reference voliage during the second time period.

2. The processing system of claim 1, wherein a second charge stored on the
second sensor electrode resulting from applying the charging voltage during the first
time period is not measured by the processing system during the second time

period.

3. The processing system of claim 1, wherein there is no voliage difference
between the first and second sensor electrodes at the ends of the first and second

time periods.

4. The processing system of claim 1, wherein an amount of the first charge
stored on the first sensor electrode is based on a coupling capacitance between the

first sensor electrode and an input object.

5. The processing system of claim 1, wherein sensor elecirodes in the sensor
electrode matrix have a pitch suitable for distinguishing between features of a

fingerprint.

8. The processing system of claim 1, wherein the first and second sensor

electrodes arg in a same row in the sensor slectrode matrix.

7. The processing system of claim 1, wherein the selection iogic is configured
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to apply, during the first time period, the charging voltage 1o a third sensor elecirode
neighboring the first sensor electrode in the sensor electrode matrix, wherein the
processing sysiem further comprises:

a different sensor circuit configured to measure, during the second time
period, a third charge stored on the third sensor electrode resulting from applving
the charging voltage, wherein the first and third sensor electrodes are in a sams

row in the sensor elecirode matrix.

8. The processing system of claim 7, wherein the sensor circuit is selectively
coupled to sensor electrodes in at least two columns in the sensor elecirode matrix,
wherein the first sensor electrode is selectively coupled to the sensor circuit while
the third sensor slectrode is seleclively coupled o the different sensor circuit and
the first and third charges in the first and third sensor electrodes are measured in

paraliel.

g. The processing system of claim 1, wherein the selection logic is configured
to:

bias data lines to the reference vollage during a third time period, wherein
the third time period occurs between the first and second fime periods, wherein the
data lines respeciively coupled the first and second sensor elecirodes to the

selection logic.

16, Aninput device, comprising:

a plurality of sensor electrodes arranged in a matrix;
a processing system configured to:

apply, during a first time period, a charging voliage to & first sensor
glectrode and a second sensor electrode neighboring the first sensor
glectrode in the maliix,

measure, during a second time period, a first charge stored on the first
sensor electrode resulting from applying the charging voltage, and

bias the second sensor electrode 1o a reference vollage during the

sacond time period.

11.  The input device of claim 10, wherein a second charge stored on the second
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sensor electrode resulting from applying the charging voltage during the first time

period is not measured by the processing system during the second time period.

12. The input device of claim 10, wherein there is no voltage difference between
the first and second sensor electrodes at the ends of the first and second time

periods.

13.  The input device of claim 10, wherein the plurality of sensor elecirodes form

a fingerprint sensor array.

14, The input device of claim 10, further comprising:

a first row select line configured to actlivate a first swilch coupling the second
sensor electrode to the charging voltage; and

a second row select line configured to activate a second swilch coupling the

second sensor electrode to the reference voltage.

15. The input device of claim 14, wherain the first switch and second switch

comprise respective thinfilm-transistors {TFT).

16.  The input device of claim 14, further comprising:

a third row select line configured to activate a third switch coupling the first
sensor electrode to the charging voliage and the sensor circuit; and

a fourth row select line configured to activate a fourth switch coupling the first
sensor electrode {0 the reference voliage, wherein the first and second sensor

slectrodes are disposed in different rows in the matrix.

17. A method for performing capacitive sensing, the method comprising:
applying, during a first time period, a charging voltage {o a first sensor
electrode and to a second sensor electrode neighboring the first sensor electrode in

a sensor electrode matrix;

measuring, during a second time period, a first charge stored on the first
sensor electrode resulling from applying the charging voltage, and

biasing the second sensor electrode o a reference voltage during the

second time period.
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18. The method of claim 17, wherein a second charge stored on the second
sensor electrode resulting from applving the charging voltage during the first time

period is not measured during the second time period.

19.  The method of claim 17, further comprising:
applying, during the first time period, the charging voltage to a third sensor
electrode neighboring the first sensor electrode in the sensor elecirode matrix; and
measuring, during the second time period, a third charge stored on the third
sensor electrode resulting from applying the charging voltage, whersin the first and

third sensor elecirodes are in a same row in the sensor elecirods matrix.

20.  The method of claim 17, further comprising:

disconnecting the first and second sensor elecirodes from respective data
lines coupling the first and second sensor electrodes 1o a voliage source providing
the charging voltage during a third time period, wherein the third time period occurs
between the first and second time pericds, and wherein the first and second sensor
slectrodes are electrically floating during the third time period,; and

biasing the respective data lines the reference voltage during the third time
period.

21, Aninput device, comprising:
a plurality of sensor elecirodes arranged in a matrix;
first and second row select lines seleclively coupling first and second sensor
electrodes in the matrix to a first data line;
a processing system configured fo:
apply, during a first time period, a charging voltage to the first sensor
electrode using the first data line,
apply, during the first time pericd, the charging voltage to a third
sensor electrode in the maltrix using a second data line; and
measure, during a second time period, a charge stored on the first
sensor electrode resulting from applying the charging voltage using the first
data line, wherein the second sensor electrode and third sensor electrode

are electrically floating during the second time period.
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